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ABSTRACT 
EVALUATING MACROBENTHIC INDICATORS OF ORGANIC 
ENRICHMENT AND HYPOXIA WITHIN THE 
COASTAL MISSISSIPPI HYPOXIC ZONE 
by Daneen Paulette Menke 
August 2012 
Macrobenthic communities offer effective indicators of biotic integrity, but their 
use for distinguishing anthropogenic from natural stress is tricky because coastal taxa are 
eurytolerant. Effective coastal management calls for benthic indicators that respond to 
specific stressors, apply across different habitats, and reflect ecosystem function. 
Macrobenthic process metrics based on body-size descriptors should reflect ecosystem 
function and be useful for assessing the effects of eutrophication. Functional trait analysis 
should reflect the functional diversity of the community. Coastal Mississippi experienced 
widespread and sustained hypoxia throughout summer 2008. Site 6 located on the 10-m 
isobath in the center of the 2008 hypoxic zone and site 8 located on the 20-m isobath near 
the edge of the zone served as study areas for examining effects of this event. Samples 
taken in 2008 represented these sites in late spring prior to hypoxia, in mid-summer 
during severe hypoxia, and in autumn following a return to normoxia. Production 
potential and total abundance decreased dramatically after May 2008 at site 6. Declines in 
mean size and community turnover rate were not nearly as pronounced. Normalized 
biomass-size spectra (NBSS) varied among months of 2008. Prior to hypoxia in May, the 
NBSS comprised high abundances of organisms distributed across a very broad range of 
size classes, in July, all size classes were reduced or absent as a likely outcome of 
11 
hypoxia, and in November, there was some recovery of smaller size classes. Functional 
trait analysis showed a decline in functional diversity after May 2008 with some recovery 
by November 2009. 
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CHAPTER I 
INTRODUCTION 
Hypoxia and the Northern Gulf of Mexico 
Hypoxia is characterized by depletion of dissolved oxygen (D.O.) concentrations 
in bottom waters (Rabalais and Turner 2001a), and is known to cause high levels of 
mortality ofmetazoans within the 'Dead Zone' of the northern Gulf of Mexico (NGOM). 
Dissolved oxygen concentrations :S 3 mg/I begin to impose stress on marine organisms 
(Diaz 2001 , Rabalais and Turner 2001a, Diaz and Rosenberg 2008), and induce the more 
mobile organisms to vacate the area in search of better conditions. However, sedentary 
organisms either acclimate to the degraded conditions or perish. Commercial shrimpers 
and fishermen of the NGOM know when oxygen concentrations reach < 2 mg/I, because 
their harvests of fish, crabs, and shrimp become reduced (Rabalais and Turner 2001a). In 
accordance with convention, hypoxia is defined by D.0. concentrations < 2 mg/I and 
anoxia as D.O. concentrations <0.5 mg/I for the purpose of this study. 
Hypoxia can be a naturally occurring phenomenon in upwelling areas, silled 
basins, estuaries, fjords, and the oxygen minimum zone. However, hypoxic conditions are 
increasing in occurrence and severity because of an increase in nutrient inputs from 
watersheds to coastal waters, due to human activities (Rabalais and Turner 2001 a, Paerl 
2004, Diaz and Rosenberg 2008, Middleburg and Levin 2009). Hypoxia and increased 
turbidity are often secondary effects of increased nutrients in coastal systems. After-
effects may cause a decrease in biodiversity, as well as changes in ecosystem structure 
and function, resulting in the loss of productive habitat (Rabalais and Turner 2001 a). The 
continued increase in hypoxic conditions is a growing concern for those involved with 
resource and ecosystem management of coastal regions (Rabalais and Turner 2001 a). 
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The Louisiana continental shelf of the NGOM is the largest region of hypoxic 
water in the United States (Rabalais and Turner 2001a) and the world' s second largest 
area of hypoxia (Rabalais et al. 2002b ). From the analyses of sedimentary records, it can 
be seen that hypoxic conditions related to nitrate loading have been occurring since the 
1950s in the NGOM (Rabalais et al. 2001 band 2002a, Scavia and Bricker 2006). The 
area of the NGOM between the Louisiana and Texas Continental shelf is referred to as a 
"Dead Zone", due to the periodic lack ofliving metazoans (Rabalais et al. 2002b). 
NGOM waters receive excess nutrients primarily via the Mississippi River along with 
additional contributions from the Atchafalaya and Pearl Rivers. In response to excess 
nutrients, heightened primary production significantly increases the supply of organic 
matter (OM) to sediments (Paerl 2004). With continuing primary production and the 
depletion of light and other resources, the phytoplankton die and sink to the bottom. On 
the bottom, bacteria decompose the phytoplankton creating a large demand on the supply 
of dissolved oxygen (DO). As the bacteria continue to decompose dead phytoplankton 
they deplete the DO from the bottom waters. Due to stratification, hypoxia is typical 
exacerbated by occlusion of the overlaying surface waters, which are warmer and less 
salty making the water less dense than the cooler more saline bottom waters. Therefore, 
water mixing between the surface and bottom is less likely until a change in currents or 
weather patterns occurs. 
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Macrobenthic Indicators 
Coastal resource managers need informative and reliable indicators of ecosystem 
health. Ecological indicators constitute measurements, signals, or symptoms of stress that 
provide valuable insights into the status of the system when monitored over time (Pinto et 
al. 2009). Current ecological indicators are usually limited to a specific region and may 
not be applicable on a global scale. Other limiting aspects of ecological indicators include 
the lack of known indicator responses to a single stressor, multiple stressors, or stress 
over time and space (Niemi and McDonald 2004, Niemi et al. 2004). Indicators also often 
lack quantitatively defined reference conditions. According to Rakocinski and Zapfe 
(2005), effective ecological indicators should exhibit the following characteristics: (1) 
they should be straight forward and easy to measure; (2) they should be responsive to 
changes in the integrity and resilience of a coastal ecosystem; (3) they should reflect 
ecological function; ( 4) they should be tractable across the different levels of organization 
as well as across spatial and temporal scales; and (5) their reliability should be validated 
through quantitative assessments of sensitivity and background variability. 
Pinto et al. (2009) state that macrobenthic organisms are used to gauge ecosystem 
stress because they tend to be sedentary, have long life spans, are benthic, have multiple 
functional traits and responses to exposure, and are diverse. In addition to the presence / 
absence of specific indicator taxa, various community metrics including abundance and 
diversity are often used to represent different facets of coastal ecosystem health (Engle et 
al. 1994). Organic enrichment and hypoxia elicit depauperate macrobenthic communities 
comprised of mostly small short-lived surface-dwelling organisms (Pearson and 
Rosenberg 1978), represented mainly by polychaetes and tubificids. However, estuarine 
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macrobenthic communities can also pose certain problems as bio-indicators of either 
natural or anthropogenic stress, because so many resident macrobenthic organisms are 
eurytolerant and opportunistic, a phenomenon known as the 'Estuarine Quality Paradox' 
(Elliott and Quintino 2007). Consequently, using diversity based metrics as bio-indicators 
in dynamic estuarine systems can be misleading. Another potential drawback with using 
conventional macrobenthic indicators is that they may not reflect effects of all types of 
stressors equally well. For example, macrobenthic indicators of sediment contamination 
may not offer the best metrics for assessing effects of hypoxia/anoxia. Conversely, broad-
based macrobenthic indicators that reflect effects of many types of stressors can lack the 
specificity needed to discern effects of one type of stressor from another. 
The Problem: Macrobenthic Indicators of Hypoxia on the Mississippi Bight 
For many decades, the NGOM has experienced extensive eutrophication resulting 
in hypoxic waters. Unfortunately, hypoxic conditions of the NGOM appear to be 
expanding to include the Mississippi Bight region. This area encompasses the Mississippi 
Sound with its barrier islands and the Chandeleur Sound in the northern Gulf of Mexico 
(Keen 2002). The Mississippi Bight hypoxic zone has not been studied very extensively, 
unlike, the infamous ' dead zone' region located west of the Mississippi River outlet along 
the continental shelf from Louisiana to Texas. Hypoxic conditions may be intermittent 
within the Mississippi Bight region. It is still unknown whether hypoxic conditions occur 
regularly or just in years with extensive rainfall and flooding of the Mississippi River. A 
previous study of foraminiferan indicator taxa within sedimentary cores by Brunner et al. 
(2006) indicates that hypoxic and anoxic conditions have historically affected the 
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Mississippi Bight region. By studying the macrobenthic communities, further insights can 
be gained into the ecological health of the benthic ecosystem within this region. 
Macrobenthic communities have proven to be good ecological indicators because 
they are mostly sedentary organisms living at the sediment-water interface, where effects 
of stressors are often felt (Engle and Summers 1999). For example, the population and 
community structure of a macrobenthic community could be affected by short-term 
hypoxia or by the longer-term accumulations of sediment contaminants (Rosenberg 
1977). Signature effects range from changes in diversity, relative abundances oflong-
lived vs. short-lived species, biomass, abundances of pollutant tolerant vs. opportunistic 
species, and in the trophic structure of the community (Engle and Summers 1999). 
Although macrobenthic indicators can be helpful in providing tools to coastal resource 
managers for assessing ecosystem health (Engle and Summers 1999) there are problems 
with the existing benthic indices, as stated above (Rakocinski and Zapfe 2005). 
Problems with using macrobenthic indicators revolve around variability in the 
types of organisms facing hypoxia/anoxia relative to geography, the severity of 
eutrophication, physical conditions, the duration of hypoxia, and the frequency and 
magnitude of hypoxic/anoxic conditions (Niemie al. 2004). Consequently, indicators 
may not be directly comparable across regions or situations. By examining macrobenthic 
process indicators (Rakocinski and Zapfe 2005) relative to the Benthic Index for the 
northern GoM (Engle and Summers 1999), and indicator taxa specific to the Mississippi 
Bight, valuable insights into ecosystem function can be obtained for use in the 
management of the Mississippi Bight and other NGOM coastal waters. 
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Objectives 
The overarching goal of this study is to compare three potentially useful 
macrobenthic indicator approaches for evaluating and monitoring the effects of hypoxia 
within the Mississippi Bight area. Five specific objectives emanate from this goal: (1) to 
examine the demise and recovery of a benthic community at two exemplary sites in the 
Mississippi Bight that experienced hypoxic conditions, by use of macrobenthic 
indicators over a two year study period ; (2) to compare the two sites using the USEP A 
Benthic Index for the GoM over the two year study period ; (3) to compare the 
prominent constituent taxa and their functional traits over the two year study period at the 
two sites; (4) to contrast the two sites relative to information on environmental 
conditions, macrobenthic process indicators, the Benthic Index, and constituent taxa and 
their traits over the two year study period; and (5) to compare a spatial reference site (site 
9R) and the two Mississippi Bight sites (sites 6 and 8) sampled during an extreme 
hypoxic event in summer 2008 in terms of the macrobenthic indicators. 
Hypothesis 
The Mississippi Bight area of the NGOM experienced severe hypoxia in the 
summer of 2008, and although there was some hypoxia in 2009, conditions greatly 
improved. Accordingly, the benthic community should have recovered to some degree. 
This study will follow changes in the macrobenthic communities within the study area in 
terms of macrobenthic process indicators, the GoM Benthic Index, and constituent taxa 
and their functional traits. It is hypothesized that the 2008 hypoxic event will have 
pronounced deleterious effects upon the macrobenthic community, and that the recovery 
of the community will follow a trajectory implied by the classic Pearson-Rosenberg 
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model of organic enrichment. Under unstressed conditions, the macrobenthic community 
is expected to be taxonomically diverse and highly productive, and to contain large-
bodied long lived organisms representing a diverse set of functional traits. Following 
extreme hypoxia, recovering macrobenthic communities are often characterized as 
depauperate, less taxonomically diverse, consisting mainly of small-bodied opportunists. 
This study represents a case study of the demise and recovery of the macrobenthic 
community due to severe hypoxia on the Mississippi Bight from the perspective' of 
macrobenthic process indicators and the functional traits of the dominant constituents. 
Study Area 
This study was conducted concurrently with the NOAA NGI Monitoring and 
Assessment for Ecosystem Management Project, which examined processes occurring at 
8 sites situated along a transect extending seaward from the mouth of the Bay of St. Louis 
and ending in the western Mississippi Bight (Fig. I). Two of these NGI sites located in 
the Mississippi Bight at the 10 m (site 6) and the 20 m (site 8) isobaths were the primary 
focal areas for this study (Fig. 2). Site 6 is located in the center of the 2008 hypoxic zone 
and site 8 is located more peripherally within the zone. Site 9R, was also sampled in July 
2008 only as a reference site (Fig 2). As documented by NOAA NGI MAEMP sampling, 
the study area including sites 6 and 8 experienced severe, widespread and sustained 
hypoxia throughout the summer of 2008, and some hypoxia in the summer of 2009 
(Table 1). 
The results of the water quality data collected during 2008 and 2009 showed that 
site 6 experienced severe hypoxic conditions in June, July, and August of 2008 with a 
reoccurrence of hypoxia in September 2009 (Table I). Note that in June and August 
2008, D.0. levels of the mid water and bottom water were anoxic. Then again, in 
September of 2009 site 6 harbored anoxic conditions at the bottom water depths. Site 8, 
which experiences reoccurring episodes of less severe intermittent hypoxia lasting for 
hours to possibly days, proved to be hypoxic, but not anoxic in June 2008 and August of 
2008 only at the bottom depth. 
Table 1 
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Dissolved Oxygen (D. 0.) measurements for sites 6 and 8 during the study period of 2008 
and 2009 at surface, mid water, and bottom depths. 
DATE SURFACE MID-WATER BOTTOM 
SITE 6 
MAY 15 2008 NA NA NA 
JUNE 17 2008 8.54 mg/I 0.24 mg/I 0.03 mg/I 
JULY 15 2008 6.79 mg/I 1.71 mg/I 1.67 mg/I 
AUG 18 2008 8.30 mg/I 0.84 mg/I 0.05 mg/I 
NOV 20 2008 7.03 mg/I 7.06 mg/I 6.0 mg/I 
JAN 29 2009 8.45 mg/I 8.60 mg/I 6.64 mg/I 
MAY 28 2009 7.61 mg/I 7.40 mg/I 3.21 mg/I 
JUNE 25 2009 7.32 mg/I NA 2.70 mg/I 
AUG 19 2009 5.26 mg/I 5.45 mg/I 5.39 mg/I 
SEPT 30 2009 5.84 mg/I 5.91 mg/I 0.54 mg/I 
NOV 18 2009 7.03 mg/I 7.06 mg/I 5.99 mg/I 
SITE 8 
JUNE 17 2008 6.97 mg/I 6.61 mg/I 0.91 mg/I 
JULY 15 2008 6.59 mg/I 3.33 mg/I 3.52 mg/I 
AUG 18 2008 7.47 mg/I 5.48 mg/I 1.90 mg/I 
NOV 20 2008 6.88 mg/I 7.15 mg/I 5.91 mg/I 
MAY 28 2009 7.44 mg/I 5.94 mg/I 3.51 mg/I 
JUNE 25 2009 6.57 mg/I 4.51 mg/I 4.22 mg/I 
AUG 19 2009 6.07 mg/I 6.08 mg/I 4.26 mg/I 
NOV 18 2009 6.88 mg/I 7.01 mg/I 5.92 mg/I 
Note. Anox ic conditions were measured at s ite 6 at mid-water and bottom depths in June of2008 and at the bottom in 
August 2008. 
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Figure 1. Map of sites occurring along the sampling transect of the NOAA NOi 
Monitoring and Assessment Project. (Image courtesy of the Northern Gulflnstitute, a 
NO AA Cooperative Institute) http://www.northerngulfinstitute.org/proj ectpics/ 5 009-
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Figure 2. The Mississippi Bight area of sampling. Site 6, Site 8 and Site 9R are shown by 
red dots. Site 6 is at the core of the most severe hypoxia experienced in 2008. The degree 
0
~ hypoxia is indicated by the intensity of the blue color. (Image courtesy of Dr. Kevin 
Dillon, Gulf Coast Research Laboratory). 
Bottom Olssolved Oxygen Contours 
SEAMAP Summer Groundfish Survey 
June 14 • July 16. 2006 NOAA Ship Oregon II 
Gulf of Mexico 
• 000-050 
. 051.100 
• 101-1 50 
• 1 51-Z OO 
ZOl-2 50 
251·3 00 
301-3 50 
3 51., 00 
4 01-4 50 
4 51-500 
5 01-5 50 
5 51-6 00 
601·650 
. 651-700 
• 701-7 50 
• 751-800 
Figure 3. Regional map showing the area of hypoxia in the NGOM known as the "dead 
zone" with the more hypoxic areas shown in orange to red. The Mississippi Bight is 
located in the more eastern portion of the dead zone where hypoxia has not been 
extensively studied. Nutrient loading in the NGOM between the Louisiana and Texas 
continental shelf has caused extensive hypoxic and anoxic conditions (Rabalais et al. 
2002). Excess nutrients are supplied to NGOM waters primarily via the Mississippi, 
Atchafalaya and Pearl rivers. (Image courtesy of NOAA (not copyrighted)). 
http://www.noaanews.noaa.gov/stories2006/s2755.htm 
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CHAPTER II 
METHODS 
Field Methods 
Field work entailed sampling the benthos at the two sites over the two year study 
period beginning in May 2008. Site 6 was sampled seven times, in May, July, and 
November of 2008, and in May, June, August, and November of 2009. Site 8 was 
sampled six times, on all the same dates as site 6, except in May 2008 when the seas were 
too rough to sample there. In addition, a spatial reference site (site 9R) located well east 
of sites 6 and 8 and outside the Mississippi coastal hypoxic zone was sampled only once 
in July 2008. Thus, 14 sample site-events constitute this study. For each of the 14 site-
events, macrobenthic organisms were obtained from three benthic samples using a 0.0413 
m2 modified Van Veen grab, totaling 42 macrobenthic grabs. Accompanying monthly 
water quality and physical data for each site event was obtained from other NGI 
investigators. 
Macrobenthic samples were either sieved back at the USM GCRL launch when 
sampling with the R.V. LeMoyne, or on the boat when the sampling on the R.V. 
Mcilwain. Sediment was transferred from each grab to a large metal bowl and rinsed 
through a 0.5 mm sieve. Remaining coarse material and organisms retained on the sieve 
were transferred to a sampling jar, labeled, and preserved with buffered 10% Formalin. 
Laboratory Methods 
Processing of the preserved macrobenthic samples took place in the laboratory. 
Rose Bengal was added to each sample to stain the organisms in order to facilitate sorting 
them from the sediment. After sorting the organisms from the sediment, they were placed 
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into labeled vials containing a buffered 5% Formalin solution. Then, to enable 
determinations of macrobenthic process metrics, sorted organisms were size fractionated 
by passing them through a series of nested sieves: 8.0, 5.6, 4.0, 2.8, 2.0, 1.4, 0.71 , 0.5, 
and < 0.5 mm (Edgar 1990, Rakocinski and Zapfe 2005). Size fractions were placed into 
separate vials labeled in terms of the site number, replicate number, date of sample, and 
size fraction for further processing. 
Organisms from each fraction were identified to the lowest practical taxonomic 
level, usually to species. Each taxon was assigned a unique taxon code based on the first 
four letters of the genus and the first four letters of the species. Unidentifiable organisms 
were assigned a taxon code of UNID (unidentified) along with the first four letters of the 
family name. If the species was undetermined, the first four letters of the genus was used 
and XSPP designated as the species part of the taxon code. Fragments of organisms 
(body pieces with no head features) were combined with the same organism of that size 
fraction. To prevent fragments of organisms being counted separately only the heads of 
the organisms were enumerated, although the fragments were included in the biomass 
determinations for the size-taxon fraction. After identification, organisms within each 
taxon-size fraction were placed into a separate vial and labeled with the site number, 
replicate number, date of sample, taxon code, and the size fraction. The vial information 
was then listed on a data sheet along with the taxon name, taxon code, size fraction, and 
number of organisms. Each data sheet was specific for the date of sample, sample site, 
and replicate. 
Volumes oftaxon-size fractions were determined using calibrated squash plates 
and in conjunction with image analysis. Squash plates were constructed from microscope 
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slides separated by fixed cover slips following Hellawell and Abel (1971). Different sets 
of squash plates represented coarse and fine volumetric scales thereby enabling the 
capacity to measure a wider range of volumes. To calibrate the slides, premeasured 
volumes of a KOH-glycerol solution were squashed between the slides and pictures were 
taken of the KOH-glycerol squashes using a DMX 1200 digital camera attached to a 
SMZ 1500 stereomicroscope. Metavue 5.0 imaging software was used to calculate the 
areas for relating to the KOH-glycerol volumes. This procedure was repeated for nine 
volume levels for the fine squash plates and seven volume levels for the coarse squash 
plates, and each volume measurement was repeated three times. Conversion factors for 
each set of slides were obtained from regressions through zero of volume on area for the 
calibration values. 
Volumes oftaxon-size fractions were determined using Meta Vue® 5.0 imaging 
software on a PC attached to a Nikon® image analysis system consisting of a DMX 1200 
digital camera mounted on a SMZ 1500 stereomicroscope (Rakocinski and Zapfe, 2005). 
During the squash procedure, the fraction was adjusted so that constituent organisms 
were not overlapping while still forming a uniform blotch with no empty spaces between 
the organisms. Calibrated squash plates were used to estimate volumes of taxon-size 
fractions from their two-dimensional areas when compressed to a uniform thickness 
(Hellawell and Abel, 1971 ). Volumes were obtained from areas using the appropriate 
conversion factor for the specific set of calibrated squash plates. Because most of the 
organisms fell within the smaller size fractions, the fine scaled squash plates were 
typically used. Values for mollusks were based only on ·soft tissue. Organisms that were 
too large for the squash plate method were blotted and weighed to the nearest 10-5 g wet 
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mass using an Ohaus® Analytical Plus microbalance. Digital images of 'squashes' were 
saved using the Meta Vue program. Digital images were tagged with the taxon code, 
number of organisms, size fraction, and the camera magnification. Images were later 
traced to obtain their areas using the Meta Vue program and the information recorded on 
the aforementioned data sheet. Digital images of 'squashes' were traced twice to obtain 
duplicate measures. Volumes were estimated from the areas using the appropriate 
conversion factors for the given squash plate. Volumes were converted to dry mass using 
conversion factors (Rakocinski and Zapfe 2005), and dry mass values were used to for 
calculations of indicator metrics for each site-event. 
Data Analysis 
Studies are increasingly using indicators that convey functional properties of an 
ecosystem. In the past, assessments of ecological conditions were based largely on 
taxonomically derived indicators. Metrics and indicators with some connection to body 
size, including abundance, mean organism size, total biomass, secondary production 
potential, biomass size spectra, and community turnover rates are used herein as a 
comparison with the U.S. EPA Benthic Index as a standard indicator. 
Several derived process indicators reflect different facets of the productivity and 
maturity of the macrobenthic community (Rakocinski 2012). Daily production potential 
represents an estimate of new biomass being produced per day by the standing biomass of 
the organisms. The biomass provided by the production potential is directly related to 
community turnover rate, which conveys the regeneration time of the community 
biomass in terms of days. Normalized Biomass Size Spectra (NBSS) portray the 
distribution of biomass among geometrically scaled size classes of organisms in a 
standardized way that is more informative than simply mean organism size. NBSS 
provide an aggregate reflection of trophic organization and ecosystem function, thus 
NBSS parameters should provide effective indicators of stress-induced changes in 
ecosystem function. 
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A combination of image analysis, standard conversions, and allometric scaling 
relationships allowed the estimation of the macrobenthic process metrics, including 
production potential (µg m2 d dw at 30° C), community turnover rate ( d), mean body size 
(µg dw), total dry mass (µg dw), and the number of organisms. These metrics were 
calculated for each of the three grabs for the 14 site events along with the means, 
standard deviations (SD), and coefficients of variation (CV) for each site-event. 
Parameters (i.e., slopes and intercepts) ofNBSS including their standard errors were 
estimated from pooled data for each site following Rakocinski and Zapfe (2005). 
Daily production potential estimates are based on the general allometric equation 
presented by (Edgar 1990), except estimates are aggregated values for individual 
organisms (Rakocinski and Zapfe 2005), rather than being based on the dry mass within 
each sieve fraction: 
Pind = 0.00489778 X BindO.& X T 0·89 
where Pind = daily individual prod in µgash free dry weight (AFDW) d-1, Bind= 
individual µg AFDW, and T = °C water temperature, standardized to 30°C. The Pind 
value was then multiplied by the number of individuals within the taxon size fraction, and 
fraction values accumulated for each grab sample. 
Uniform body sizes of organisms within taxon-size fractions facilitated this 
approach for calculating daily production potential. Wet mass values were obtained from 
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volumes of squashed organisms using the conversion factor, 1.13 g cm-3 (i.e., specific 
gravity of 1.13) (Wieser 1960, Gerlach et al. 1985). Ash-free dry mass values were 
obtained from wet soft-mass or from wet mass of calcified organisms following Ricciardi 
and Bourget (1998). Daily production values were totaled across taxon size fractions for 
each of the three benthic grabs per site-event, and then scaled up to a square meter basis. 
Another process indicator arising from the relationship between secondary 
production and standing biomass is the P:B ratio, which reflects the average lifespan of 
constituent macrobenthic organisms (Gray 1981), and thus, the successional status of the 
community. Furthermore, the inverse of P:B represents an indicator of the faunal turnover 
rate (Huryn and Benke 2007), which in this study was represented in terms of days, given 
the time scale for estimates of production estimates and instantaneous standing biomass. 
Faunal turnover rates might be expected to decrease in connection with environmental 
stress due to a shift toward small-bodied, short-lived, opportunistic species. 
Biomass-size spectra provide an aggregate allometric expression of 
biogeochemical processes, trophic organization, and ecosystem function (Strayer 1986, 
Boudreau et al. 1991 , Rasmussen 1993, Ramsay et al. 1997, Kerr and Dickie 2001). 
Moreover, biomass-size spectra can be readily compared across habitats, because they are 
independent of taxonomic composition. Parameters of biomass-size spectra may vary in 
relation to various forms of stress, including organic enrichment, sediment 
contamination, high primary productivity, and disturbance. Such shifts in macrobenthic 
size distributions as reflected by parameters of the biomass-size spectra should represent 
a reliable process indicator (Warwick 1993). Normalized Biomass Size Spectra (NBSS) 
typically consist of a linear relationship between the log ratios of scaled biomass (i.e., 
biomass: size span) and the log size class values (as mid-points) across the range of 
geometrically increasing size classes. Portraying the distribution of biomass among size 
classes of organisms is more informative than simply looking at mean organism size. 
Normalized Biomass Size Spectra (NBSS) provide aggregate reflections of 
trophic organization and ecosystem function, thus NBSS parameters should provide 
effective indicators of stress-induced changes in ecosystem function. Parameters (i.e., 
slopes and intercepts) ofNBSS along with their standard errors were estimated from 
pooled data for each site event following Rakocinski and Zapfe (2005). Occasionally, 
when NBSS consisted of less than 3 data points or their slopes were positive, an anchor 
point intersecting zero on the abscissa at the next size class larger than the largest size 
class present was used to resolve the relationship. 
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The standard multivariate indicator known as the U.S. EPA Benthic Index (BI) for 
the Gulf of Mexico (GoM) was used for comparisons with other indicators. The BI was 
calculated for each macrofaunal sample using BI coefficients obtained from the U.S. EPA 
Gulf Breeze Laboratory in July 2004. The BI is based on a Discriminant function analysis 
(DF A) that distinguished between a priori reference and degraded site groups using 
threshold criteria for D.O., sediment toxicity, and sediment contamination (Engle et al. 
1994, Engle and Summers 1999). The BI incorporates a linear combination of taxonomic 
diversity, the abundance of tubificid oligochaetes, and proportional abundances of 
capitellid polychaetes, bivalves, and amphipods. Taxonomic diversity is adjusted for 
salinity relative to the overall relationship between diversity and salinity. The GoM BI 
was scaled to range from O to 1 O when first developed, but slightly negative BI values are 
occasionally obtained when applying this index (Rakocinski 2012). Areas with a benthic 
index below 4 are considered to be degraded. Means, standard deviations, and 
coefficients of variation (CV) of the BI were calculated for each site event. 
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Repeated measures (RM) Analysis of Variance (ANOVA) was used to compare 
indicators and metrics between sites 6 and 8, including mean organism size, community 
turnover rate, production potential, and total density. The macrobenthic indicators and 
metrics were compared between sites 6 and 8 using the Generalized Linear Model (GLM) 
Procedure in SPSS ver. 18.0. The RM ANOV A runs were configured with Time (i.e., the 
six sample periods) as a within-subjects factor, and site (i.e., sites 6 and 8) as a between-
subjects factor. The degrees of freedom were insufficient for completing multivariate 
tests of sphericity. Thus the Huynh-Feldt corrected form of the test which does not 
assume sphericity was used to interpret the significance of the within-subjects factor. The 
Huynh-Feldt correction is considered more powerful than the Greenhouse-Geisser test in 
terms of having less chance of making a Type II error. If the within-subjects test was 
significant, the probabilities of linear, quadratic, or 3rd through 5th order trends were 
evaluated. 
Community structure and function was also studied for sites 6 and 8 by the use of 
functional trait analyses. Organisms were grouped by their functional traits, which were 
developed by using trophic groups from previous studies by Fauchald and Jumars (1979), 
Ruppert and Fox (1988), and Rakocinski et al (1997). The groups were assigned to the 
organisms based on trophic categories, mobility, and feeding apparatus. Designations of 
these groups included three positions. The first position for trophic group include 
subsurface-deposit feeder (B), surface-deposit feeders (S), filter feeder (F), herbivore (H), 
and camivore (C). The second position for mobility includes motile (M), discretely 
motile (D), and sessile (S). The third position for feeding apparatus includes jawed (J), 
pumping (P), tentacles (T), and other (X). Organisms with more than one trophic guild 
and /or mobility are listed as having multiple traits, e.g. Microphiopholis atra has the 
functional trait of CMX/HMX/SMX meaning that this organism feeds as a carnivore, 
herbivore, or surface deposit feeder. Sites 6 and 8 were then compared in terms of 
functional traits of dominant taxa before, during, and after the onset of hypoxia. 
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CHAPTER III 
RESULTS 
Results for the Physical Data of Site 6 and 8 
20 
The 2008 hypoxic zone of the northern Gulf of Mexico was expected to be of record size 
because of the floodwaters carrying excess nutrients and freshwater discharge from the 
upper Mississippi and Ohio River basins during the spring and early summer of the year 
(Rabalais 2008). Physical data measurements of water temperature, salinity, and D.O. 
taken at the surface, mid water, and bottom depths for sites 6 (Table 2) and 8 (Table 3) 
showed that both sites experienced hypoxia in 2008. Site 6 showed the most severe 
hypoxia during the months of June, July, and August, when hypoxia occurred in the mid-
and bottom water depths. Hypoxic conditions were most severe during June and August 
when bottom waters became anoxic (Figure 4). June was also anoxic at the mid water 
depth where D.O. measured 0.24 mg/1. During the hypoxia, salinities for site 6 were 
higher at the bottom than at the surface (Figure 5). Salinities in the mid-water depths 
were also higher than at the surface when the mid-water reached hypoxic and anoxic 
levels. Water temperatures for June, July, and August also varied with depth and hypoxia 
(Figure 6), in that when conditions were hypoxic, the mid and bottom water temperatures 
were cooler. 
In contrast, at site 8, bottom water D.O. was hypoxic in only June and August 
2008and, hypoxia was less severe than at site 6, as hypoxia only occurred in the bottom 
waters and anoxia was never detected at Site 8 (Figure 7). Also site 8 remained within 
normoxic D.O. levels during the rest of the sampling period, this suggests that hypoxia 
Was more intermittent at this site. Salinities of the bottom waters at site 8 during the 
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hypoxic conditions were higher than mid- and surface-water levels (Figure 8). Also water 
temperatures were warmer in the mid- and surface-waters during the months when 
hypoxia occurred at site 8 (Figure 9). 
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Figure 4. Dissolved oxygen (D.O.) measurements at site 6 for all months available in 
2008 and 2009. The months of June, July, and August of 2008 showed the bottom water 
depth as hypoxic or anoxic, as well as the month of September in 2009. Hypoxia also 
appeared at mid-water depths for the months of June, July, and August in 2008, when the 
hypoxia was most severe. 
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Figure 5. Salinities (no units) at site 6 for all available months in the years 2008 and 
2009. High salinities at the bottom and mid water depths in July and August 2008 
corresponded with the hypoxic and anoxic conditions at site 6. 
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Figure 6. Seasonal variation in temperature for site 6. 
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Figure 7. Dissolved oxygen (0.0.) measurements at site 8 for all months available in 
2008 and 2009. The months of June and August 2008 showed hypoxic bottom water. 
Measurements for 2009 showed normoxic conditions at site 8. 
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Figure 8. Salinities (no units) at site 8 for all available months in the years 2008 and 
2009. High salinities at bottom and mid water depths in July and August 2008 
corresponded with hypoxia at site 8. 
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Figure 9. Seasonal variation in temperature for site 8. 
Table 2 
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Physical data collected from the surface, mid water and bottom depths at site 6. 
Date 
20-May-08 
Surface 
Mid water 
Bottom 
l 7-Jun-08 
Surface 
Mid water 
Bottom 
15-Jul-08 
Surface 
Mid water 
Bottom 
18-Aug-08 
Surface 
Mid water 
Bottom 
Depth 
1.0 m 
NA 
NA 
0.75 m 
5.0 m 
10.50 m 
0.75 m 
5.0m 
10.50 m 
0.75 m 
5.0m 
10.0 m 
Temperature 
24.74 C0 
NA 
NA 
31.03 C0 
29.17 C0 
22.82 C0 
29.63 C0 
2 1.35 C0 
21.33 C0 
28. 17 C0 
23.54 C0 
22.78 C0 
Salinity Bottom DO 
20.01 NA 
NA NA 
NA NA 
19.72 8.54 mg/1 
24.02 0.24 mg/1 
34.25 0.03 mg/I 
21.26 6.79 mg/I 
36.34 1.7 1 mg/I 
36.35 1.67 mg/1 
25.44 8.30 mg/I 
35.34 0.84 mg/I 
36.14 0.05 mg/1 
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Table 2 ( continued). 
Date Depth Temperature Salinity Bottom DO 
20-Nov-08 
Surface 1.0 m 19.50 C0 30.32 7.03 mg/I 
Mid water 5.0m 19.49 C0 30.48 7.06 mg/I 
Bottom 10.5 m 20.65 C0 31.7 6.0 mg/I 
29-Jan-09 
Surface 1.0 m 14.98 C0 29.32 8.45 mg/I 
Mid water 5.0m 15.01 C0 29.39 8.60 mg/I 
Bottom IO.Om 14.02 C0 31.39 6.64 mg/I 
28-May-09 
Surface 0.75 m 27.39 C0 22.11 7.61 mg/1 
Mid water 5.0m 25.83 C0 24.81 7.40 mg/1 
Bottom 11.0 m 24.02 C0 29.74 3.21 mg/1 
25-Jun-09 
Surface 0.50m 29.90 C0 39.93 7.32 mg/I 
Mid water NA NA NA NA 
Bottom 11.0 m 22.01 C0 36.16 2.70 mg/I 
19-Aug-09 
Surface 1.0 m 29.79 C0 31 .82 5.26 mg/I 
Mid water 5.75 m 29.79 C0 31 .94 5.45 mg/1 
Bottom 11.0 m 29.79 C0 31.94 5.39 mg/I 
30-Sep-09 
Surface 0.75 m 27.59 C0 28.39 5.84 mg/I 
Mid water 5.50 m 27.65 C0 28.43 5.91 mg/1 
Bottom 11.25 m 28.03 C0 31.1 0.54 mg/I 
18-Nov-09 
Surface 1.0 m 19.50 C0 30.32 7.03 mg/1 
Mid water 5.0m 19.49 C0 30.48 7.06 mg/1 
Bottom 10.75 m 20.66 C0 31.72 5.99 mg/1 
~te. Units for measurements are depth (meters), temperature (C0 ) , salin ity (no units), and D.O. (mg/L). Data 
co lection for this project began in September of 2007. Data for some months are missing due to verification issues o r 
~oor weather conditions precluding sampling. Anoxic and hypoxic conditions occurred in the months of June, July, and 
ugust 2008 at both mid water and bottom depths. In 2009, hypoxia only occurred in September at the bottom. 
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Table 3 
Physical data collected from the surface, mid water and bottom depths at site 8. 
Date Depth Temperature Salinity Bottom DO 
7-Jun-08 
Surface 0.75 m 30.20 C0 24.69 6.97 mg/I 
Mid water 7.0m 29.86 C0 30.82 6.61 mg/I 
Bottom 19.0 m 22.59 C0 35.83 0.91 mg/1 
l 5-Jul-08 
Surface 0.75 m 28.74 C0 25 .01 6.59 mg/1 
Mid water 7.0m 22.21 C0 36.27 3.33 mg/1 
Bottom 19.0 m 20.55 C0 36.46 3.52 mg/1 
18-Aug-08 
Surface 0.75 m 27.57 C0 29.65 7.47 mg/1 
Mid water 8.0m 23.78 C0 36.21 5.48 mg/I 
Bottom 19.0 m 21.86 C0 36.42 1.90 mg/1 
20-Nov-08 
Surface 1.0 m 19.63 C0 31 .02 6.88 mg/1 
Mid water 7.0 m 19.69 C0 31.22 7.15 mg/1 
Bottom 19.0 m 22.98 C0 34.94 5.91 mg/1 
28-May-09 
Surface 0.75 m 26.76 C0 22.48 7.44 mg/1 
Mid water 10.25 m 23.77 C0 31 .24 5.94 mg/1 
Bottom 19.25 m 22.98 C0 33.6 1 3.51 mg/1 
25-Jun-09 
Surface 1.0 m 29.88 C0 28.27 6.57 mg/I 
Mid water 10.0 m 21.41 C0 36.34 4.51 mg/1 
Bottom 20.0m 21.10 C0 36.34 4.22 mg/I 
19-Aug-09 
Surface I .Om 29.34 C0 32.42 6.07 mg/I 
Mid water 10.50 m 29.51 C0 33.62 6.08 mg/I 
Bottom 20.0m 29.07 C0 33.95 4.26 mg/I 
18-Nov-09 
Surface 1.0 m 19.63 C0 3 1.02 6.88 mg/I 
Mid water 10.50 m 20.61 C0 32.33 7.01 mg/I 
Bottom 19.50 m 22.99 C0 34.95 5.92 mg/1 
co~:e. Units for measurements are depth (meters), temperature (C0 ) , salin ity (no units), and D.O. (mg/L). Data 
poo ection fo r this project began in September of 2007. Data for some months are missing due to verification issues or 
r weather conditions precluding sampling. Hypoxia only occurred in June and August 2008. 
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Benthic Index 
The U.S. EPA BI and Shannon-Wiener indices for May 2008, before hypoxia, 
showed site 6 as a healthy and diverse ecosystem. In July 2008, after the onset of 
hypoxia, the BI value declined although not enough to be considered degraded. The 
Shannon-Wiener diversity index also declined suggesting an event with deleterious 
effects on the diversity of the community. However, it was not until November 2008 that 
the BI value indicated that site 6 was degraded, when other indicators like NBSS 
suggested that recovery had already started (Figure 10). 
The Shannon-Wiener diversity index indicated only a slight decline in diversity 
for November 2008 (Figure 11 ), which agreed with the BI values also decreasing. In June 
2009 at site 6, the benthic index indicated degraded conditions along with the Shannon-
Wiener index showing a decrease in diversity, even though process indicators such as 
production potential, total abundance and individual wet mass indicated signs of 
recovery. These results suggest that the benthic index is not appropriate for use in the 
Mississippi Bight, perhaps due to its estuarine derivation. Due to the inconclusive 
findings for site 6, sites 8 and 9R were not evaluated using the BI and Shannon-Wiener 
diversity index. 
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Figure 10. The Benthic Index for site 6 from May 2008 thru June 2009. In July 2008 
when the hypoxia was most severe, the BI indicated that the system was within healthy 
limits (>4). It was not until after the macrobenthic process indicators were showing signs 
of recovery in November 2008 that the BI showed the system to be degraded. Again in 
June 2009 before the onset of the hypoxia, the BI indicated a degraded system when other 
indicators were showing signs ofrecovery. 
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Figure 11. Shannon Wiener Diversity showed high values in May 2008, followed by 
much lower diversity in July 2008, presumably due to hypoxia. In November 2008 
another decline in community diversity ensued, despite a return to normoxia. 
Macrobenthic Process Indicators 
Production Potential 
29 
Production potential changed over time, and each site changed in a different way 
over time. Significant differences for time (F= 26.196; p= 0.001) and time * sites (F= 
12.858; p= 0.003) were expressed for the within-subjects factor (Table 4). Sites were also 
significantly different (F = 13.588; p = 0.021), as expressed by the between subject factor 
(Table 5). Production potential was consistently higher at site 6 than at site 8, except 
during the worst hypoxia in July 2008 (Figures 12 and 13). 
Sites 6 and 8 experienced hypoxic conditions in the spring and summer of 2008; 
however, hypoxia was generally more severe at site 6 than at site 8. Before the onset of 
hypoxia, daily production potential in May 2008 at site 6 was about 200 mg m -2 d -I and 
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by July it had diminished greatly to about 0.26 mg m-2 d-1, after which it subsequently 
increased to 20.86 mg m-2 d-1 by November 2008 (Figure 12). The production potential 
for July 2008 site 8 was higher than site 6 with a mean of 12.75 mg m-2 d-1 and then 
decreased to a mean of 4.89 mg m-2 d- 1 in November 2008, highlighting the interaction 
effect that likely reflects the site's locations on different isobaths (Figure 13) and a 
possible seasonal response. Following the 2008 summer hypoxic event, production 
potential increased for both sites until reaching high levels in early summer, in May 2009 
for site 8 and in June 2009 for site 6. Production potential decreased again through the 
summer of 2009 at both sites, although hypoxia was not recorded until September 2009 at 
site 6. Production potential continued to decline at both sites in November 2009 when 
conditions were normoxic (Figure 13). 
A seasonal trend seems to be present at both sites. At site 6, the decline in 
production potential for summer 2008 was exacerbated by hypoxic/ anoxic conditions 
with some recovery in the fall (September to December) and an increase production 
potential in winter (January to February) and spring months (March to May). Site 8 also 
follows a seasonal trend of low production potential in summer (June to August) and fall 
(September and December) with increasing production potential in winter and spring. 
31 
Table 4 
Repeated measures ANO VA within-subject effects for Production Potential 
Type III Partial 
Sum of Eta 
Variable Source S9.uares df Mean Square F Si~. Sguared 
Production time 17444.484 1.950 8944.186 26.196 0.001 0.868 
time*SITE 8562.587 1.950 4390.234 12.858 0.003 0.763 
Error(time) 2663.702 7.801 341.435 
ote. A significant difference for time (F=26. 196; p= 0.001) and time*sites (F= 12.858; p= 0.003) was identified based 
on the Huynh-Feldt correction for sphericity. 
Table 5 
Repeated measures ANOVA between-subjects effect for Production Potential 
Type III Partial 
Sum of Eta 
Variable Source S9.uares df Mean Sguare F Si~. Sguared 
Production Intercept 21843 .130 1.000 21843.130 77.964 0.001 0.951 
SITE 3807.007 1.000 3807.007 13.588 0.021 0.773 
Error 1120.685 4.000 280.171 
ote. A significant difference between sites (F= 13.588; p= 0.021) was identified based on the Huynh-Feldt correction 
for sphericity. 
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Figure 12. Temporal variation for Production Potential (mg m·2 d" 1) at sites 6 and 8. In 
May 2008 before hypoxia, the highest Production Potential of 200 mg m·2 ct·1 was seen at 
site 6. Production Potential decreased to 0.2566 mg m·2 ct·' at site 6 in July 2008 after the 
onset of hypoxia. 
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Community Turnover Rate 
A significant decreasing trend in time for community turnover rate (F=2.947; p = 
0.038) was shown by the within subjects effects (Table 6); and there was no significant 
interaction effect for time * site (F= 1.011; p = 0.437) (Table 6). In addition, the between 
subjects effect for sites was nonsignificant (F= 3.372; p= 0.140) (Table 7). Thus, 
although community turnover rate varied seasonally at the sites, it did not differ 
significantly between sites. 
Mean community turnover rate at site 6 decreased by 10 days from May 2008 (70 
+ days) to July 2008 at site 6 (60 + days) (Figure 14), likely reflecting the effects of 
severe hypoxia. Also there was a slight decline from August 2009 to November 2009, 
perhaps as an indication of the mild hypoxia present again at site 6 in September 2009, or 
possibly a community shift due to seasonality. In contrast at site 8, community turnover 
rate showed a slight decline from July to November 2008, possibly due to the less severe 
hypoxia, and it peaked again in May 2009 (Figure 15). Although sites 6 and 8 did not 
experience severe hypoxia in 2009, the community turnover rate slightly decreased 
throughout the sampling period in summer 2009 to lower rates than were seen when 
hypoxia was severe at site 6 earlier in the year. Lower turnover rates at site 8 in June, 
August, and November of 2009 likely reflect predominance by smaller bodied 
opportunists at this site; the converse was true in May 2009, when turnover was lower at 
site 6. This may indicate better developed community maturity at this time for site 8 in 
terms of relatively more longer-living organisms. The community turnover rate declined 
at both sites 6 and 8 from May 2009 until the end of the sampling period, reflecting 
communities consisting of shorter-lived opportunistic species than had occurred 
immediately after the severe hypoxia in 2008. 
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In May 2008, site 6 was represented by a community of high diversity, high 
abundance, and large long-lived organisms. In July 2008, site 6 was decimated by 
hypoxia, which altered the community to one of low abundance and diversity. The 
organisms present at site 6 during the hypoxia were opportunistic species with large 
bodies, and therefore, the site had higher production and a longer turnover rate than 
expected. In November 2008 there was some recovery back to pre-hypoxic community 
composition, with secondary opportunists dominating, these are less productive and have 
faster turnover rates than equilibrium species. By May 2009, although more diverse and 
abundant, the larger body sized organisms had still not returned, therefore, the 
community had lower production potential and quicker turnover rates than was 
measured before the onset of hypoxia. 
Table 6 
Repeated measures ANOVA within-subjects effect for Community Turnover 
Type III Partial 
Sum of Eta 
Variable Source Sguares df Mean Sguare F Si~. Sguared 
Turnover time 888.080 4.958 179.122 2.947 0.038 0.424 
time*SITE 304.800 4.958 61.477 1.011 0.437 0.202 
Error(time) 1205.398 19.832 60.781 
~le .. ~ significant difference for time (F= 2.947; p= 0.038) was identified based on the Huynh-Feldt correction for 
sp enc,ty. However, the time*site (F=l .011 ; p= 0.437) interaction term was nonsignificant. 
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Table 7 
Repeated measures ANOVA between-subjects effect for Community Turnover 
Type III Sum Partial Eta 
Variable Source of Sguares df Mean Sguare F Si~. Sguared 
Turnover Intercept 68 109.967 1 68109.967 537.981 0.001 0.993 
SITE 426.942 1 426.942 3.372 0.140 0.457 
Error 506.412 4 126.603 
Note. Sites 6 and 8 were not different (F = 3.372; p= 0.140) based on the Huynh-Feldt correction fo r sphericity. 
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Figure 14. Temporal variation for Community Turnover Rate in days at 30° C at sites 6 
and 8. In May 2008 before hypoxia, site 6 had the highest Community Turnover rate of 
70+ days. 
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Figure 15. Plots of mean Community Turnover Rate ( days at 30° C) along with standard 
errors. Some standard errors are too small to be visible on the graph. 
Mean Individual Wet Mass 
Mean individual wet mass was consistently higher at site 6 than at site 8 (Figure 
17), as confirmed by a significant between subjects effect (F= 18.283 ; p= 0.013) (Table 
9). However, there was no significant difference for time (F= 2.127; p= 0.104) or 
time*site (F= 1.299; p = 0.304) within subjects effects (Table 8). This indicates that 
differences were generally parallel through time at both sites. 
The mean sizes of the organisms were greater at site 6 than at site 8, even after the 
severe hypoxia at site 6 (Figure 17). A marked increase in mean individual size in June 
2009 at site 6 possibly reflected some improvement in the level of community maturity 
by this time. However, mean sizes of organisms decreased at both sites during the 
remaining sampling period, despite the lack of severe hypoxia. 
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Apparently, the community at site 6 shifted from larger bodied organisms to 
smaller bodied organisms. Before severe hypoxia in May 2008, largest observed mean 
size of organism at site 6 was slightly larger than 10 mg dw (Figure 16), followed by a 
decrease to 5.3 mg dw in July 2008, reflecting the severe hypoxic event that included 
periods of anoxia. In May 2009, site 6 displayed an even lower mean individual wet mass 
followed by a rise in June 2009. Site 8 exhibited an opposite pattern in May and June 
2009, which might reflect a seasonal difference, since conditions had been normoxic 
since August 2008 (Figure 17). However, the steady decrease in mean individual wet 
mass through the end of the sampling period at site 6 reflected the shift to smaller bodied 
opportunists in 2009, following the 2008 hypoxia event (Figure 17). This community 
status may have been facilitated by mild hypoxia in 2009. Consistently smaller body sizes 
throughout the study period at site 8 likely reflects a community consisting of relatively 
greater numbers of small-bodied opportunists at the 20 m isobaths than at the 10 m 
isobaths, represented by site 6. 
Table 8 
Repeated measures ANOVA within-subjects effect for Mean Individual Wet Mass 
Type III Partial 
Sum of Eta 
Variable Source Sguares df Mean Sguare F Si~. Sguared 
Mean Size time 3.082E+07 5 6164265.324 2.127 0.104 0.347 
time*SITE l.883E+07 5 3765304.638 1.299 0.304 0.245 
-
Error(time) 5.795E+07 20 2897584.716 
F ~:· Time(:= 2. 127; p= 0.104) and time*sites (F= 1.299; p= 0.304) effects were nonsignificant based on the Huynh-
e t correction for sphericity. 
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Table 9 
Repeated measures ANOVA between-subjects effect for Mean Individual Wet Mass 
Type III Sum Partial Eta 
Variable Source of S9.uares df Mean S9.uare F Si~. S9.uared 
- Mean Size Intercept 4.145E+08 1 4.1 45E+08 132.108 0.000 0.971 
SITE 5.737E+07 1 5.737E+07 18.283 0.013 0.820 
Error l.255E+07 4 3137664.796 
ote. A significant difference between sites (F= 18.238; p= 0.0 13) was identified based on the Huynh Feldt correction 
for sphericity. 
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Figure 16. Temporal variation for Mean Individual Wet Mass (mg dw) at sites 6 and 8. In 
May 2008 before hypoxia, site 6 had the highest mean individual wet mass of 10 mg dw. 
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Figure 17. Plots of mean Individual Wet Mass (mg) along with standard errors. Some 
standard errors are too small to be visible on the graph. In June 2009, there was an 
increase in mean individual wet mass at site 6, while at site 8 there was a decrease. In 
August 2009, there was a decrease in mean individual wet mass at site 6, while site 8 
showed an increase. 
Total Abundance 
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A significant trend in time (F= 21.313; p= 0.001) was identified for total 
abundance as the within subjects factor (Table 10). However, the interaction term 
(time*site) was nonsignificant (F= 3.162; p= 0.073) (Table 10). Moreover, the between 
subject effect of site was also nonsignificant for the total abundance metric (F= 0.809; p= 
0.419) (Table 11 ). Thus, total abundances changed over time but the patterns were the 
same at the two sites. 
The response to the hypoxic conditions was evident at site 6, where mean total 
abundance decreased dramatically from 3000 per m2 in May 2008 to about 139 
individuals per m2 in July 2008 (Figure 18). Due to the severity of hypoxia, total 
abundances were often lower at site 6 than at site 8 during the summer of 2008 and in 
May 2009; conversely total abundances were relatively higher at site 6 during the 
summer of 2009 (Figure 19). Mean total abundances were generally low at both sites 
during late summer and autumn seasons in 2009. The form of the overall trend in total 
abundance in time was best described by a 4th order polynomial fit. 
Table 10 
Repeated measures ANOVA within-subjects effect for Total Abundance 
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Type III Partial 
Sum of Eta 
Variable Source S9.uares df Mean S9.uare F Si~. S9.uared 
Density time 9074784.12 2.69 3377141.63 21.31 0.001 0.842 
time*SITE 1346142.53 2.69 500961.11 3.1 6 0.073 0.441 
Error(time) 1703144.79 10.75 158454.49 
Note. A significant difference for time (F= 21.313; p= 0.001) was identified based on the Huynh-Feldt correction for 
sphericity. However, the time*site (F= 3.162; p= 0.073) interaction term was nonsignificant. 
Table 11 
Repeated measures ANOVA between-subjects effect for Total Abundance 
Type III Sum Partial Eta 
Variable Source of S9.uares df Mean Sguare F Si~. Sguared 
Density Intercept l.8 19E+07 1 l.819E+07 243.02 0.000 0.984 
SITE 60597.83 1 60597.839 0.81 0.419 0.168 
Error 299476.94 4 74869.23 
Note. Sites 6 and 8 were not different (F= 0.809; p= 0.419) based on the Huynh-Feldt correction for sphericity. 
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Figure 18. Temporal variation for Total Abundance (number m·2 x 100) at sites 6 and 8. 
The largest decline in total abundance occurred between May 2008 and July of 2008 
following the onset of hypoxia, when it fell from 3,000 m·2 to 139 m·2 at site 6. In 
addition, notable differences in total abundances at sites 6 and 8 occurred during July and 
November 2008, and then again, in May and June 2009, which reflect seasonal variation. 
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F· igure 19. Plots of mean Total Abundance along with standard errors. Some standard 
en:ors are too small to be visible on the graph. Interactions between sites 6 and 8 are 
~vident from June to November 2008, when Total Abundance increased at site 6 while 
Aebcreasing at site 8. This was reflected by the 4th order polynomial fit for Total 
undance. 
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Normalized biomass Size Spectra 
Normalized biomass size spectra (NBSS) for site 6 from May to November 2008 
(figure 20) indicate a decimated benthic community during the most severe hypoxic 
episode of the study period. In May 2008 preceding the onset of hypoxia, the community 
consisted of a wide span of large to small-bodied organisms, including markedly higher 
biomass within the smaller and mid-size classes. In July 2008 during hypoxic conditions, 
the size spectrum reflected a decimated community represented by only a few of the 
smaller size classes (Figure 20). The large size classes were completely absent and the 
mid-size classes were represented by low biomass. November 2008 showed some return 
of larger size classes and the highest biomass represented by the mid-size classes, while 
the small size classes were represented by low biomass and the largest body sizes were 
still absent (Figure 20). 
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Figure 20. Normalized biomass size spectra (NBSS) for macrobenthic communities from 
site 6 in May 2008 before the onset of hypoxia, July 2008 during hypoxic conditions, and 
November 2008 after hypoxic conditions ceased. Biomass within all size classes was 
greatly reduced, and several large size classes completely disappeared between May and 
July. In November 2008, biomass increased within the mid-size classes, but the larger 
size classes were still lacking. 
Comparison of NBSS for July 2008 at sites 6, 8, and 9R showed site 6 returning 
to hypoxic conditions from the anoxia present in June, while site 8 also reflected hypoxic 
conditions in June, and the spatial reference site (9R) reflected normoxic conditions 
(Figure 21). Site 6 in July 2008 showed a community that had been decimated by anoxia. 
Overall, biomass declined dramatically and the larger body size classes disappeared. 
Overall higher biomass was displayed at site 8 which experienced less severe hypoxia 
than at site 6; however, the large bodied organisms were also absent, possibly because of 
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the deeper water rather than a response to hypoxia. A community consisting of overall 
higher biomass, including larger bodied organisms and higher biomass values for smaller 
bodied organisms, was evidenced at site 9R, a site that had not been disturbed by hypoxia 
in summer 2008. Site 6 had especially low biomass compared to both sites 8 and 9R; 
although some larger bodied organisms were still represented. However, compared to site 
6 in May 2008 before the onset of hypoxia, site 9R in July 2008 possessed notably lower 
biomass and a narrower range of body sizes (Figure 20). 
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Figure 21. Normalized biomass size spectra (NBSS) for macrobenthic communities in 
July 2008 at sites 6, 8, and 9R. Site 6 was represented by a community of organisms 
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made up by low biomass comprising a narrow range of size classes. Site 8 represented a 
community made up of higher biomass than site 6, comprising an even narrower range of 
size classes. The spatial reference, site 9R, represented a community of higher biomass 
that included both mid size classes and larger bodied organisms. 
Site 6 had a wider range of size classes and higher overall biomass in 2008 than in 
2009 (Figure 22). The NBSS in May 2009 compared to the NBSS in May 2008 at site 6 
demonstrated that the community had not returned to pre-hypoxic biomass levels after 
one full year. Large bodied organisms were still absent in May 2009, and the biomass for 
the small-bodied organisms was also lower than in the previous year. However, some 
mid-size classes had higher biomass in 2009 than in 2008. 
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site 8, when compared to site 9R, was lower although not as low as site 6 suggesting that 
site g was affected by hypoxia but that the hypoxia was not as severe as site 6. The 
community turnover rate for site 9R was lower than for sites 6 and 8 in July, reflecting a 
higher predominance of smaller body sizes. Accordingly, mean individual wet mass for 
site 9R was also lower than for sites 6 and 8 in July 2008. Nevertheless, the total 
abundance at site 9R was much higher than at sites 6 and 8. Higher mean body size and 
community turnover values at site 6 in July may reflect the influence of surviving tolerant 
organisms that are larger than the small opportunists that colonize later. 
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Figure 23: Variation in macrobenthic process metrics among sites 6, 8 and the spatial 
reference site, 9R, in July 2008, along with site 6 in May 2008, as an additional temporal 
reference. Site 6 in May 2008 was represented by a relatively mature community, 
including large bodied, long-lived organisms. However, site 9R was represented by a 
community consisting of high abundances of smaller short-lived organisms. Site 6 in 
July 2008 reflected the demise of the community due to hypoxic conditions relative to the 
same site in May 2008. Larger sizes of organisms and a slower community turnover rate 
was seen at site 6 compared to site 9R in July 2008. However, production potential and 
the total abundance of organisms were higher at site 9R. 
The normalized biomass size spectra showed distinctive differences among sites 
6, 8, and 9R during the severe hypoxic conditions in July 2008 (Figure 24). Site 6 
exhibited low biomass across a wide range of sizes, but with the larger size classes 
absent. Site 8 showed low biomass across a narrower range of sizes, while again the large 
size classes were notably missing. Site 9R showed higher amounts of biomass than sites 6 
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or 8 across a broad range of size classes; however, the larger size classes that were 
observed at site 6 in May 2008 were lacking. Compared to each other, the reference sites 
(site 6 of May 2008 and site 9R of July 2008) revealed that site 6 harbored a community 
of overall high biomass represented by a wide range of small to large bodied organisms. 
Site 9R in July displayed a community represented by overall less biomass, especially for 
the medium and larger bodied organisms. The biomass pattern for site 9R makes sense in 
light of the occurrence of this site on the 20 m isobaths, a depth comparable to site 8. 
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Figure 24: Normalized biomass size spectra for macrobenthic communities at sites 6, 8, 
and 9R in July 2008, when severe hypoxia had occurred at site 6. Site 6 in July 2008 was 
d~cimated by hypoxia, as evident from the low biomass. Site 8 was represented by more 
b~omass, but larger bodied organisms were lacking. Site 9R was represented by higher 
biomass and larger bodied organisms, but the biomass was low for medium sized 
organisms. Normalized biomass size spectra representing the spatial (Site July 2008 9R) 
and temporal references (May 2008 site 6) showed that site 6 in May 2008 was 
rep~esented by a community consisting of high biomass and large bodied organisms, 
~hile site 9R in July 2008 was lacking in both biomass and large body sizes compared to 
site 6 in May 2008. 
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Functional traits 
Thirty-eight functional groups were recognized in organisms identified from the 
sampling sites, based on distinguishing trophic and mobility traits of the organisms, using 
Fauchald and Jumars (1979), Ruppert and Fox (1988), Rakocinski et al. (1997), and 
Vittor an:d Associates (1984) (Appendix A). Abundances were calculated for each group, 
excluding organisms for which functional traits could not be established (Tables 13, 14, 
& 15) Site 6 in May 2008 was represented by a total of 20 functional groups, including 7 
groups which made up 82.50% of the total abundance (Table 12). This site event was 
characterized by organisms belonging to a wide variety of trophic guilds, including: 
subsurface and surface deposit feeders, carnivores, filter feeders, and herbivores (Figure 
26). In July 2008, the number of functional groups at site 6 dropped to eight, with five of 
these groups representing 94% of the abundance (Table 12). After anoxia, only 
subsurface and surface deposit feeders now dominated the trophic guild structure of the 
organisms present. In November 2008, the number of functional groups increased to nine, 
with three of these groups representing 92% of the abundance (Table 12). The trophic 
guilds of filter/surface deposit feeder and carnivore dominated the community. By May 
2009, the total number of functional groups increased to 15, with seven groups 
representing 92% of the abundance (Figure 27). Thus, although the diversity of trophic 
guilds had increased, organisms with multiple trophic guilds were still lacking. June 2009 
showed a slight increase in the number of total groups to 17, including some organisms 
with multiple trophic guilds that had been absent the month before. The number of 
functional groups and dominant groups fluctuated in June, August, and November 2009 
at site 6, but organisms representing multiple trophic guilds continued to occur. In June, 
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one notable heretofore unrecognized organism (Spiochaetopterus costarum), that uses a 
pumping method of retrieving food within extensive tube networks, appeared at site 6 
(Figure 27). 
The number of functional groups at site 8 at the beginning of the study was 
similar to site 6. Eight functional groups were represented in July and November 2008 at 
site 8 (Table 12); where 6 of the groups made up - 96% of the total abundance (Figure 
28). The functional groups were similar to those at site 6 before hypoxia; however, these 
groups were consistently represented at site 8 throughout the sampling period, whereas 
relative abundances of these groups fluctuated more at site 6. Moreover, the diversity of 
organisms within multiple trophic guilds was low at site 8. The number of functional 
groups present site at 8 increased in May, June, August and November 2009, but relative 
abundances representing the groups fluctuated (Figure 29). The highest number of 
functional groups (19) occurred at this site in May 2009, although just four groups 
represented 84% of the total abundance. The number of functional groups decreased to 
nine in June 2009, when four of these groups represented 94% of the total abundance. 
The number of functional groups increased again to 12 in August 2009, when six groups 
represented 89% of the total abundance. By November 2009, the number of functional 
groups increased to 14 groups, including eight groups representing 90% of the total 
abundance (Table 12). A notable seasonal effect at site 8 was that the family Ophiuroidae 
showed up only in the month of November in both 2008 and 2009 (Table 14). 
The spatial reference in July 2008, site 9R, was represented by 26 of the 38 
functional trait groups (Table 12), including groups comprising multiple trophic guilds 
and mobility modes. Six functional groups represented 65% of the total abundance. These 
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groups were similar to those· representing site 6 in May 2008, and site 8 samples. Site 9R 
included many organisms with multiple trophic guild traits, like site 6 but unlike site 8 
(Figure 30). 
Table 12 
Total number of functional trait groupings , number of dominant functional groups, and 
% abundance of dominant functional groups for sites 6, 8, and 9 R by month sampled. 
Number of % Abundance 
Total number Dominant of Dominant 
of Functional Functional Functional 
Month Groups Groups Groups 
May-08 20 7 82.50% 
Jul-08 8 5 94% 
Nov-08 9 3 92% 
Site 6 May-09 15 7 92% 
Jun-09 17 6 96% 
Aug-09 18 8 92% 
Nov-09 15 6 92% 
Jul-08 8 6 96% 
Nov-08 8 6 96% 
May-09 9 4 84% 
Jun-09 9 4 94% 
Site 8 
Aug-09 12 6 89% 
Nov-09 14 8 90% 
Site 9R Jul-08 26 6 65% 
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Figure 25. The color keys for Functional Traits pie charts. The functional trait are listed 
as three letters representing a position. The first letter (position) represents the trophic 
guild, the second is mobility type, and the third is feeding apparatus. Letters in the first 
position stand for: B-subsurface deposit feeder, S-surface deposit feeder, C-camivore, H-
herbivore, F-filter feeder; second position: D-discretely motile, M-motile, S-sessile; third 
position: J-jawed, P-pumping, T-tentaculate, X-other, usually eversible sac like 
Pharynges. Organisms with multiple trophic guilds and/or mobility are listed as such. 
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Figure 26. Pie charts showing relative abundances of macrobenthic organisms in terms of 
their functional traits for site 6 in 2008. A higher diversity of functional trait groups, as 
represented by more groups each containing relatively smaller abundances, characterized 
site 6 in May 2008. In July 2008, the number of functional trait groups declined, and the 
BMX trait group dominated, repesenting 46% of all the organisms belonging to this 
group. In November 2008, the functional trait groups were dominated by FDT/SDT and 
CMJ, which together made up 89% of the overall abundance. 
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Figure 27. Pie charts to showing relative abundances for the functional trait groups for 
site 6 in 2009. In May and June 2009, the dominant functional trait group was BDX/BSX, 
and a shift in dominance occurred in August and November 2009, when FDT/SDT 
became the dominant functioanl trait group. 
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Figure 28. Pie charts showing relative abundances for the functional trait groups at site 8 
in 2008. 
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Figure 29. Pie charts showing relative abundances for the functional trait groups at site 8 
in 2009. 
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Figure 30. Pie charts showing relative abundances for the functional trait groups at site 
9R in July 2008. 
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Table 13 
Abundances (proportions) for functional traits at site 6 
May-08 Jul-08 Nov-08 May-09 Jun-09 Aug-09 Nov-09 
Functional # % # % # % # % # % # % # % 
Traits Org Abd Org Abd Org Abd Org Abd Org Abd Org Abd Org Abd 
BOT/BST/ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
SOT/SST 
BOT/SOT 4 0 .395 0 0 0 0 0 0 0 0 0 0 2 0.939 
BOX 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BOX/BSX 0 0 0 0 0 0 173 37.773 184 33.333 9 4.545 0 0 
BOX/SOX 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BMJ 15 1.481 0 0 0 0 33 7.205 2 0.362 0 0 1 0.469 
BMJ/CMJ/ 0 0 0 0 0 0 0 0 1 0. 181 1 0.505 3 1.408 
HMJ/SMJ 
BMJ/SMJ 8 0.79 0 0 0 0 21 4.585 3 0.543 0 0 0 0 
BMX 67 6.614 23 46 2 1.613 2 0.437 1 0.181 2 1.010 21 9.859 
BMX/CMX 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BMX/SMX 113 11.15 2 4 2 1.613 61 13.319 37 6.703 3 1.515 1 0.469 
BST/SST 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BSX 224 22.113 3 6 1 0.806 0 0 0 0 1 0.505 1 0.469 
COJ 3 0.296 0 0 0 0 2 0.437 0 0 1 0.505 0 0 
COJ/HOJ/ 18 1.777 0 0 0 0 0 0 1 0.181 0 0 0 0 
SOJ 
CMJ 77 7.601 1 2 38 30.645 47 10.262 114 20.652 43 21.717 56 26.291 
CMJ/HMJ 0 0 1 2 0 0 0 0 0 0 0 0 0 0 
CMJ/HMJ/ 6 0.592 0 0 0 0 0 0 3 0.543 13 6.566 0 0 
SMJ 
CMX 45 4.442 1 2 4 3.226 30 6.550 30 5.435 9 4.545 5 2.347 
CMX/HMX/ 28 2.764 0 0 0 0 15 3.275 4 0.725 10 5.051 4 1.878 
SMX 
CMX/SMX 0 0 0 0 2 1.613 3 0.655 3 0.543 6 3.030 7 3.286 
FOT/SOT 25 2.468 9 18 72 58.065 56 12.227 84 15.217 89 44.949 100 46.948 
FOX 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
FMJ 65 6.417 0 0 0 0 0 0 0 0 2 1.010 1 0.469 
FSP 0 0 0 0 0 0 0 0 1 0.181 0 0 0 0 
FST 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HOX/SOX 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HMJ/SMJ 0 0 0 0 0 0 1 0.218 0 0 0 0 0 0 
HMX/SMX 0 0 0 0 0 0 0 0 0 0 0 0 2 0.939 
SOT 29 2.863 10 20 2 1.613 3 0.655 3 0.543 2 1.010 8 3.756 
SOX 25 2.468 0 0 0 0 0 0 80 14.493 4 2.020 0 0 
SMJ 12 1.185 0 0 0 0 0 0 0 0 1 0.505 0 0 
SMJ/SOJ 2 0.197 0 0 1 0.806 8 1.747 0 0 0 0 1 0.469 
SMP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
SMT 0 0 0 0 0 0 0 0 0 0 1 0.505 0 0 
SMX 2 0 .197 0 0 0 0 0 0 0 0 0 0 0 0 
SST 245 24.186 0 0 0 0 3 0.655 1 0. 181 1 0.505 0 0 
SST/SOT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 14 
Abundances (proportions) for f unctional traits at site 8 
Jul-08 Nov-08 May-09 Jun-09 Aug-09 Nov-09 
Functional # % # % # % # % # % # % 
Traits ORG ABO ORG ABO ORG ABO ORG ABO ORG ABO ORG ABO 
BOT/BST/ 
SOT/SST 
0 0 0 0 0 0 0 0 0 0 0 0 
BOT/SOT 0 0 0 0 0 0 0 0 0 0 0 0 
BOX 0 0 0 0 2 0.3195 0 0 0 0 0 0 
BOX/BSX 0 0 0 0 3 0.4792 0 0 0 0 0 0 
BOX/SOX 0 0 0 0 0 0 0 0 1 1.2048 0 0 
BMJ 0 0 0 0 5 0 .7987 0 0 0 0 0 0 
BMJ/CMJ/ 0 0 0 0 0 0 0 0 0 0 0 0 
HMJ/SMJ 
BMJ/SMJ 0 0 0 0 11 1.7572 0 0 0 0 0 0 
BMX 9 5.0279 2 4.5455 10 1.5974 32 8.8398 4 4.8193 11 11.34 
BMX/CMX 0 0 0 0 0 0 0 0 0 0 0 0 
BMX/SMX 46 25.698 5 11.364 322 51.438 171 47.238 11 13.253 10 10.309 
BST/SST 0 0 0 0 0 0 0 0 0 0 0 0 
BSX 0 0 0 0 4 0.639 0 0 0 0 0 0 
CDJ 0 0 0 0 0 0 0 0 0 0 0 0 
CDJ/HOJ/SOJ 0 0 0 0 1 0.1597 0 0 0 0 1 1.0309 
CMJ 33 18.436 12 27.273 36 5.7508 45 12.431 11 13.253 16 16.495 
CMJ/HMJ 0 0 0 0 0 0 0 0 0 0 0 0 
CMJ/HMJ/SMJ 0 0 0 0 0 0 0 0 1 1.2048 0 0 
CMX 8 4.4693 5 11.364 31 4.9521 5 1.3812 1 1.2048 4 4.1237 
CMX/HMX/ 
0 0 1 2.2727 0 0 0 0 0 0 15 15.464 SMX 
CMX/SMX 0 0 0 0 1 0. 1597 0 0 0 0 5 5.1546 
FOT/SOT 64 35.754 10 22.727 140 22.364 91 25.138 31 37.349 12 12.371 
FOX 0 0 0 0 0 0 0 0 0 0 0 0 
FMJ 13 7.2626 0 0 9 1.4377 2 0.5525 13 15.663 2 2.0619 
FSP 0 0 0 0 0 0 0 0 0 0 0 0 
FST 0 0 0 0 2 0.3195 0 0 0 0 3 3.0928 
HOX/SOX 0 0 0 0 0 0 0 0 0 0 0 0 
HMJ/SMJ 0 0 0 0 0 0 0 0 0 0 0 0 
HMX/SMX 0 0 0 0 14 2.2364 10 2.7624 2 2.4096 0 0 
SOT 5 2.7933 1 2.2727 0 0 0 0 0 0 0 0 
SOX 0 0 0 0 18 2.8754 1 0.2762 3 3.6145 1 1.0309 
SMJ 0 0 0 0 0 0 0 0 0 0 0 0 
SMJ/SOJ 0 0 0 0 6 0.9585 0 0 1 1.2048 2 2.0619 
SMP 0 0 0 0 0 0 0 0 0 0 1 1.0309 
SMT 0 0 8 18.18·2 10 1.5974 5 1.3812 4 4.8193 14 14.433 
SMX 1 0.5587 0 0 0 0 0 0 0 0 0 0 
SST 0 0 0 0 1 0.1597 0 0 0 0 0 0 
SST/SOT 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 15 
Abundances (proportions).for.functional traits at site 9R 
Jul-08 
FUNCTIONAL TRAITS #ORG %ABO 
BDT /BST /SDT /SST is 3.78151 
BDT/SDT 1 0.21008 
BOX 0 0 
BDX/BSX 0 0 
BDX/SDX 0 0 
BMJ 0 0 
BMJ/CMJ/HMJ/SMJ 0 0 
BMJ/SMJ 0 0 
BMX 1 0.21008 
BMX/CMX 1 0.21008 
BMX/SMX 59 12.395 
BST/SST 8 1.68067 
BSX 14 2.94118 
CDJ 0 0 
CDJ/HDJ/SDJ 0 0 
CMJ 60 12.605 
CMJ/HMJ 0 0 
CMJ/HMJ/SMJ 16 3.36134 
CMX 41 8 .61345 
CMX/HMX/SMX 0 0 
CMX/SMX 8 1.68067 
FDT/SDT 78 16.3866 
FDX 10 2.10084 
FMJ 8 1.68067 
FSP 0 0 
FST 3 0 .63025 
HDX/SDX 15 3.15126 
HMJ/SMJ 5 1.05042 
HMX/SMX 11 2.31092 
SDT 6 1.2605 
SOX 48 10.084 
SMJ 9 1.89076 
SMJ/SDJ 14 2.94118 
SMP 0 0 
SMT 10 2.10084 
SMX 4 0.84034 
SST 24 5.04202 
SST/SDT 4 0.84034 
Hypoxia 
CHAPTER IV 
DISCUSSION 
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The Louisiana continental shelf of the NGOM is the largest region of hypoxic 
water in the United States (Rabalais and Turner 2001a) and for many decades has 
experienced extensive eutrophication. The hypoxic conditions of the NGOM may now be 
expanding to include the Mississippi Bight Region. This area potentially affects the 
Mississippi Sound with its barrier islands and the Chandeleur Sound in the NGOM (Keen 
2002). Hypoxia in the Mississippi Bight has not been extensively studied, unlike the 
Louisiana continental shelf of the NGOM. It is unknown whether the Mississippi Bight 
hypoxic conditions occur regularly or intermittently in years of extensive rainfall and 
flooding of the Mississippi River. Studies by Brunner et al. (2006) on foraminiferan 
indicator taxa within sedimentary cores infer that hypoxia and anoxia have historically 
affected the Mississippi Bight region. As shown in the present study, the Mississippi 
Bight region of the NGOM experienced severe hypoxia/anoxia in the summer of 2008, 
and this event was followed by less severe periods of hypoxia in 2009. Accordingly, the 
benthic community was given the chance to recover to some degree over the course of 
this study. However, the macrobenthic data suggest that at least two years of relatively 
undisturbed conditions would be required to reach the original state of maturity observed 
at site 6 in May 2008. This conclusion is based upon several lines of evidence represented 
by different macrobenthic indicators, including macrobenthic process indicators, the 
Benthic Index, and various functional traits. 
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Macrobenthic Indicators for site 6 and 8 
Site 6 located at the center of the hypoxia in 2008, experienced a more severe 
duration and intensity of hypoxia than site 8. That site experienced intermittent hypoxia 
because of its location farther from shore and in deeper open water (20m) than site 6 
(1 Om). Macrobenthic process indicators (NBSS, Production Potential, and Community 
Turnover), abundance, mean individual wet mass, U.S. EPA Benthic Index, and 
functional traits grouping were analyzed to compare the two sites. 
A healthy community is characterized by large-bodied, long-lived equilibrium 
species (Warwick 1986, Dauer 1993). Hypoxic conditions in coastal waters cause mass 
mortality and the defaunation of the benthos (Baustin and Rabalais 2009, Lu and Wu 
2000) leaving the community to consist mainly of r-selected organisms (Lu and Wu 
2000). In May 2008, immediately before the anoxic and hypoxic conditions, site 6 was a 
healthy ecosystem characterized by a high abundance of equilibrium organisms that were 
long-lived, had a wide range of body size classes, high mean individual wet mass and 
high production potential. In July 2008, after the onset of hypoxia, the benthic 
community at site 6 was decimated as evidenced by the decline in the macrobenthic 
process indicators, total abundance, and mean individual wet mass (Table 16). The 
species occurring after hypoxia consisted of organisms that were shorter-lived, had a 
narrow range of size classes, low mean individual wet mass, and low production 
potential. This follows the Pearson-Rosenberg model, which describes a macrobenthic 
community that responds to increased organic enrichment with increases in biomass, 
production, and species richness. However, at extreme levels of organic enrichment, the 
metrics of abundance, biomass, and species richness decline, reflecting a community of 
abundant short-lived, small-bodied, eurytolerant, opportunistic organisms (Gray et al. 
2002, and Rakocinski 2009). As hypoxic conditions cease, the community returns 
toward a community of equilibrium species that are larger-bodied and longer lived 
(Rosenberg et al. 2002). As predicted by Pearson-Rosenberg, site 6, shows some 
recovery in November 2008 once conditions returned to normoxic with an increase in 
production potential, mean individual wet mass, and total abundance (Table 16). 
However, the organisms are not as long lived in November as they were in July 
suggesting a community of opportunistic colonists. Also a seasonal response to winter 
conditions might explain the reason for decreasing community turnover rather than an 
increase as observed in the suite of other indicators. 
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By June 2009, site 6 was still recovering from the main hypoxic/anoxic event of 
2008. The macrobenthic process indicators had reached nearly half of the May 2008 
values by June 2009. Boesch and Rosenberg (1981) have suggested from their studies in 
New Jersey inner continental shelf that benthic communities may need several years to 
fully recover from a disturbance. At this time, June 2009, the community consisted of 
mostly opportunistic and early stages of equilibrium taxa ( e.g. Sigambra tentaculata and 
Balanoglossus sp ). However, the dominant taxa and body sizes were still absent at site 6 
in June 2009. In August 2009, the macrobenthic indicators of production potential, mean 
individual wet mass, and total abundance declined without hypoxia being present. This 
decline continued into November of 2009, after a mild bout of hypoxia in September, 
after which the macrobenthic process indicators decreased even further. Baustin and 
Rabalais (2009) observed the same decline in their study of the seasonal macrobenthic 
composition of a site that experiences regular hypoxia. They found that density and 
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species richness decline in the months of August through October analogous with this 
study. Also they found that species richness and density of the macrobenthic community 
increases in the winter (January - February), spring (March- May) and early summer 
(June) before declining again in the late summer and fall. Another study by Arntz and 
Rumohr (1982) showed similar seasonal patterns of high abundance, biomass, and 
diversity during the spring and summer with declines in the fall months. At the end of the 
sampling period for site 6, the macrobenthic process indicators showed a community with 
low production potential, low abundance, small-bodied, and short-lived organisms 
suggesting a community of opportunistic species. 
The macrobenthic indicators at site 8 showed similar trends as site 6, despite 
being at a deeper depth and experiencing less intense hypoxia in summer 2008. 
Sampling began in July of 2008 for site 8, when macrobenthic process indicators all 
suggested a community affected by the hypoxia that had occurred the month before in 
June, including low production potential, total abundance, mean individual wet mass, 
community turnover rate, and a narrow range of body sizes, the largest size classes being 
absent. However, the community seemed to be in better condition than site 6 at this time, 
with site 8 having higher production potential, total abundance, and more biomass within 
the mid-range of body sizes compared to site 6. This possibly reflected the less severe 
and more intermittent bouts of hypoxia that occurred at site 8. By November 2008, the 
macrobenthic process indicators had declined even farther, except for mean individual 
wet mass, showing a community of organisms with lower abundances, lower 
productivity, shorter-lived, and larger-body size. By May 2009, the macrobenthic process 
indicators at site 8 peaked in production potential, total abundance, and community 
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turnover. However, mean individual wet mass decreased. In June, the process indicators 
again decreased in the absence of much hypoxia, perhaps reflecting a seasonal response, 
as well as other limiting aspects of the 20m depth zone compared to the 1 Om depth at site 
6. In August and November of 2009, process indicators continued to decline at site 8. By 
the final sampling event in November 2009, the presence of a more depauperate 
community than observed during the onset of hypoxic conditions likely reflects the stage 
ofrecovery represented by an opportunistic community, and seasonal trends (Arntz and 
Rumohr 1982, Baustin and Rabalais 2009). 
Macrobenthic indicator contrasts between sites 6 and 8. 
Macrobenthic indicators declined dramatically from May 2008 to July 2008 at site 
6 due to hypoxia and anoxia. Because heavy seas precluded sampling in May 2008 at site 
8 prior to the onset of hypoxia, the extent of impact on the macrobenthic community due 
to hypoxia is less well known for this site. However, macrobenthic indicators suggested 
better conditions for site 8 than site 6. Bottom D.O. measurements also indicate that site 6 
was within the core area of sustained low oxygen availability, whereas site 8 was more 
peripheral. Consequently, hypoxia at site 8 was intermittent and probably not as 
decimating to the macrobenthic community compared to site 6. Moreover, site 8 was 
twice as deep (20 m) as site 6; perhaps largely explaining between site differences in 
community patterns over time. 
Community changes followed different trajectories at the two sites. The 
macrobenthic indicators at site 6 indicated a healthy community of equilibrium organisms 
(Warwick I 986, Dauer 1993). The hypoxic event in 2008 decimated site 6, which caused 
the community to have low abundances, however some of the larger-bodied organisms 
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remained, therefore, keeping the community turnover rate high in July 2008. Baustin and 
Rabalais (2009) found that a one month lag time took place in the response of the benthic 
community to hypoxic conditions, which may explain why these larger organisms still 
remained. Some recovery was noted in November 2008 at site 6 due to the increase in 
production potential, total abundance, and mean individual wet mass despite the fact that 
commonly there is a decline in the benthic community in the fall months (Arntz and 
Rumohr 1982, Baustin and Rabalais 2009). 
In July 2008 at site 8, the macrobenthic indicators were lower than site 6 in May 
2008 ~ut higher that site 6 during the hypoxic conditions, possibly indicating a 
community response to the intermittent hypoxia that occurred at site 8. At site 8 in 
November 2008 the macrobenthic process indicators showed more of a seasonal response 
with declines in total abundance (Arntz and Rumohr 1982, Baustin and Rabalais 2009), 
community turnover rate, and production potential. 
In 2009 at site 6, the macrobenthic process indicators peaked in June with 
measurements of production potential and mean individual wet mass being nearly half of 
the measurements of May 2008. At site 8 in 2009, the macrobenthic process indicators 
peaked in May with total abundances and production potential being nearly 3 times 
higher than in July 2008. Thus site 6 and 8 seem to be following a seasonal trend of 
higher abundance, biomass and diversity, although at differing times, which might be due 
to site 8 being in deeper water than site 6. 
Site 6 had declined in production potential and mean individual wet mass by 
August 2009 with hypoxia not being observed until September (Table 16). Declines in 
the macrobenthic process indicators into November 2009 followed seasonal trends. Site 8 
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saw increases in mean individual wet mass and longer community turnover rates, but 
lower abundance and production potential in August of2009 (Table 16). By November 
2009, abundance slightly increased while community turnover rate, mean individual wet 
mass, and production potential decreased. The macrobenthic communities at the end of 
the sampling period at both sites 6 and 8 seemed to consist of opportunistic taxa, which 
were low production, small bodied, short lived and highly abundant. The NBSS for site 6 
and 8 in July 2008 showed that the macrobenthic community at site 6 was comprised of 
smaller bodied organisms, had lower biomass within size classes, and a narrower range of 
size classes than site 8. Site 8 had greater biomass within the mid-size class range. Also, 
site 6 retained some presumably tolerant larger organisms, although the largest size 
classes seen previously in May 2008 were missing. 
Comparison of Sites 6, 8 and 9R in July 2008 
Site 9R was normoxic during the 2008 hypoxic event in the Mississippi Bight 
area. Therefore, it was expected that macrobenthic indicators would reflect a more mature 
community. Although production potential and total abundance were higher at site 9R, 
mean size and community turnover indicated an immature community, perhaps reflecting 
its unique nature. Site 9R was located in deep open water comparable to site 8, which 
also seemed to be naturally characterized by opportunistic taxa. Furthermore, the 
sediment at site 9R was visibly sandier than the muddy sediment at site 8. Presumably 
due to the influence of surviving tolerant organisms, site 6 had the largest mean size of 
organisms and highest turnover rate of the three sites in July 2008. Nevertheless, severe 
oxygen limitation elicited extremely low abundances and production potential at site 6. 
The NBSS for site 9 comprised a wider range of body sizes with more biomass than sites 
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6 and 8, where larger body sizes were absent. The NBSS of site 8 was intermediate 
between those of sites 6 and 9R. NBSS data suggest that hypoxia/anoxia causes a loss of 
larger body sizes in the community, presumably because of mortality and defaunation of 
the more sensitive equilibrium species that are replaced by smaller bodied opportunistic 
species, which remain and begin to recolonize the community thereby becoming the new 
dominant organisms (Dauer 1993). 
Table 16 
Changes in the production potential, community turnover rate, total abundance, and 
mean individual wet mass between months for sites 6 and 8 
Site 6 Sit e 8 
Production Community Total Mean Production Community Total Mean 
Potential Turnover Abundance Individual Potential Turnover Abundance Individual Rate Wet Mass Rate Wet Mass 
Jul-08 
Nov-08 + + + + 
May-09 + "' + + + + 
Jun-09 + 
"' + + 
Aug-09 
"' 
+ 
Nov-09 
"' "' "' + 
Note. Changes between months are indicated as increases (+), decreases(-), and no change(::::). 
U S. EPA Benthic Index 
The U.S. EPA Benthic Index for the Gulf of Mexico did not show site 6 to be 
degraded during most of the hypoxia/anoxia event during the summer of 2008. However, 
Shannon-Wiener diversity decreased dramatically from May to July 2008. It was not until 
November 2008, when process indicators, like the NBSS showed some recovery at site 6, 
that the BI fell within the degraded range. In 2009, the BI for site 6 in June also implied 
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this site was degraded, even while process indicators such as production potential, total 
abundance and individual wet mass were showing signs ofrecovery. This suggests that 
the BI was not as applicable at our sites, possibly due to the BI being designed for more 
estuarine conditions. Because the results from site 6 were not applicable, site 8 was not 
evaluated in terms in the U.S. EPA BI. The Mississippi Bight generally encompasses 
deeper open water areas with access to open water currents. Although many estuarine 
taxa occur at these sites, other important marine taxa do not overlap as much with those 
in estuarine communities. Elliott and Quintino (2007) point out that the ubiquitous 
presence of eurytolerant taxa makes it difficult to recognize effects of various types of 
disturbance within estuarine systems. 
The U.S. EPA BI was developed by using groups of known indicator organisms 
and the Shannon Wiener diversity index. Benthic samples of estuaries that spanned from 
Florida to Texas and samples from the Mississippi River (New Orleans) were used to 
develop the BI for the NGOM estuaries. The BI, which used a derivation of abundance of 
tubificids, proportions of capitellids, bivalves, and amphipods, did not adequately 
represent the taxa found at the study sites 6 and 8. The required organisms for the BI 
were either not present or present in extremely low numbers even when conditions of 
hypoxia abated. For example during the hypoxic conditions at site 6 in July 2008 of the 
organism used for the BI only two oligochaetes were present in the benthic grab samples. 
The capitellids, bivalves, and amphipods were completely absent from the July sample. 
In November 2008, when hypoxia had abated, the oligochaetes were completely absent, 
as well as the amphipods, and only a few capitellids and bivalves were present. Organism 
such as Cossura delta, Paraprionospio pinnata, and Magelona pettibonae were present at 
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site 6 in higher numbers during the hypoxic conditions. Both species varied in number 
from sampling event to sampling event, with periods of no hypoxia having lower 
densities of these species, although they were still present. Cossura delta and 
Paraprionospio pinnata are considered to be tolerant species (Rakocinski et al. 2000 and 
Rabalais & Turner 2001 a), along with Magelona pettibonae being an opportunistic 
species (Baustin & Rabalais 2009). Also the BI was developed using samples from 
estuarine systems. And the fact that the Mississippi Bight is in more open water, with 
varying environmental conditions, the BI is less likely to be accurate for communities of 
sites 6 and 8. However, more studies are needed to characterize which organisms would 
be appropriate for recognizing degraded conditions in offshore areas. 
Functional traits of constituent taxa 
Functional traits have been a topic of great interest. However, work with 
functional trait groups and using them to assess an ecosystem are not very extensive. It 
has been demonstrated that bioturbation and trophic groups are altered with increasing 
disturbances (Sanders et al. 2007) and that by using functional traits more information 
about the ecosystem can be brought forward. For this study, organisms were placed into 
groups based on their trophic guilds, mobility, and feeding apparatus (Fauchald and 
Jumars, 1979) Site 6 in May 2008 was dominated by seven functional trait groups based 
on motility and trophic categories. These groups included equilibrium, opportunistic, and 
tolerant taxa. For example, dominant taxa with their functional trait groups included 
Sabago elongatus (BSX), Ampharetidae spp. (SST), Mediomastus ambiseta 
(BMX/SMX), Cossura delta (BMX), Ampelisca spp. (FMJ), Sigambra tentaculata 
(CMJ), Scoletoma verrilli (CMJ), Eupolymnia spp. (SST), Clymenella torquata (BSX), 
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Sthenelais limicola (CMJ), Bhawania heteroseta (CMX), Pinnixia spp. (BMJ/SMJ), 
Ancistrosyllis jonesi (CMJ), Nephtys spp. (CMJ), Podarkeopsis levifuscina (CMJ), and 
Glycinde soltaria (CMJ). Other taxa with their functional groups that were not dominant 
but present included Diopatra cuprea (CDJ/HDJ/SDJ), Paraprionospio pinnata 
(FDT/SDT), Magelona pettibonae (SDT), as well as Hemipholis elongates and other 
Ophiuroidae (CMX/HMX/SMX), Nuculana spp. (SDX), Listriella barnardi (BMJ), and 
Glycera americana (CDJ). 
During severe hypoxia in July 2008 at site 6, the number of functional trait groups 
had dropped from 20 to 8 groups with five groups dominating the community structure. 
The most dominant groups comprised three species including: Cossura delta (BMX), 
Mage Zona pettibonae (SDT), and Paraprionospio pinnata (FDT/SDT). Cossuridaes and 
Magelonidaes may represent tolerant species (Rakocinski et al. 2000, and Rabalais & 
Turner 2001a), whereas Paraprionospio pinnata is known to be an opportunist (Baustin 
& Rabalais 2009). This is similar to the findings of Gutierrez et al. (2000) in a study of an 
upwelling area off the central Chilean coast with varying degrees of hypoxia that areas 
with low D.O. and high quality nutrients the community supported tube dwelling, surface 
deposit feeders with limited bioturbation (Pearson 2001 ). By November 2008 the 
community had added the functional groups of CMJ and CMX, which correspond to 
carnivorous benthos that are associated with organic poor sediments (Gaston 1987, 
Gutierrez et al. 2000). The dominant species at this time were Paraprionospio pinnata 
(FDT/SDT) and Sigambra tentaculata (CMJ). Baustin and Rabalais (2009), in a seasonal 
study of a site with hypoxia, found that from September to November the polychaetes 
Sigambra tentaculata and Cossura sp. A dominated the community with low densities. 
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By May and June 2009 the number of functional trait groupings nearly doubled from 
November 2008. Baustin and Rabalais (2009) found an increase in species richness 
during the spring and early summer months. In May 2009, 15 functional groups were 
present with 7 groups dominating. The dominate taxa and groups were Balanoglossus sp. 
(BDX/BSX), Mediomastus ambiseta (BMX/SMX), Paraprionospio pinnata (FDT/SDT), 
Sigambra tentaculata (CMJ), Listriella barnardi (BMJ), Pinnixia sp. (BMJ/SMJ), and 
Linopherus ambigua (CMX). In June 2009, 17 functional trait groupings were present 
with 6 groups making up over 95% of the abundance. The dominant taxa with their 
groups were Balanoglossus sp. (BDX/BSX), Mediomastus ambiseta (BMS/SMX), 
Sigambra tentaculata (CMJ), Paraprionospio pinnata, Caraziella hobsonae, and 
Prionospio perkinsi (FDT/SDT), Tellinidae (SDX), and Linopherus ambigua (CMX). 
Other taxa with multiple trophic guilds increased functional group diversity at site 6, such 
as Ophiuroidae (CMX/HMX/SMX). This corresponded with improved macrobenthic 
indicators. 
By November 2009, macrobenthic process indicators dipped again at site 6, 
indicating a seasonal response (Baustin & Rabalais 2009, Levin 2003, and Petti & 
Nonato 2000). However, the macrobenthic community was represented by 15 functional 
trait groups at this time, although it was dominated by only three groups. The three 
dominant taxa and the functional trait groups at site 6 in November 2009 included 
Armandia maculata (BMX), Sigambra tentaculata (CMJ) and Paraprionospio pinnata 
(FDT/SDT). Other taxa and functional groups present included: Cirrophorus lyra 
(HMX/SMX), Phasalion spp. (BDT/SDT), Sabago elongates (BSX), and Ophiuroidae 
(CMX/HMX/SMX). Site 6 started with a high diversity of functional groups 
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representing multiple trophic guilds, means of motility, and feeding apparatus. After the 
onset of hypoxia the community shifted to subsurface, surface and filter feeding 
organisms. The community continues to shift in November 2008 to have a large presence 
of carnivores and filter feeders. By the end of the sampling period in November 2009, the 
community has shifted to be represented by high abundances of carnivores and filter 
feeders. Site 8 was relatively stable in the composition of functional trait groups from the 
beginning to the end of the study period. Site 8 in July 2008 was dominated by eight 
functional trait groups. These groups comprised various common species, including 
Paraprionospio pinnata (FDTISDT), Mediomastus ambiseta (BMX/SMX), Sigambra 
tentaculata (CMJ), Ampelisca spp. (FMJ), Cossura delta (BMX), and Notomastus spp. 
(BMX/SMX) as well as another taxa and its functional group that was present but not 
dominant at site 8, was Magelona pettibonae (SDT). Relative abundances within the 
groups did fluctuate throughout the study period at site 8. For example, the functional 
group ofBMX/SMX made up 11 percent of the abundance in November 2008, but had 
increased to 51 percent in May 2009. Taxa occurring at site 8 remained very diverse 
compared to site 6, which was only represented by around 11 taxa in July 2008. Even 
during hypoxic conditions in summer 2008, many taxa occurred at site 8. Site 8 at the end 
of the sampling period showed to have a community that had higher diversity and an 
increasing number of functional groups throughout the sample period. This demonstrates 
that site 8 may have been greatly affected by the hypoxic conditions in 2008 more so than 
is evident by the macrobenthic process indicators. 
Site 9R harbored a very diverse community, including representatives of 26 
different functional groups, some of which represented multiple trophic categories and 
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motility types. Although the macrobenthic process indicators showed the community to 
consist of smaller body sizes and a consequently faster turnover rate, the functional trait 
analysis indicated that site 9R was very diverse in July 2008. Site 9R was occupied by 
many taxa with their functional groups that did not occur at the other sites ( e.g. 
Sipunculids (BDT/BST/SDT/SST), Caecum sp. (HDX/SDX), Eunice sp. 
(CMJ/HMJ/SMJ), Erichthanius brasiliensis (SMJ), Marphysa sp. (CMJ/HMJ/SMJ), and 
Acteocina canaliculata (CMX)). This community non-overlap perhaps reflected 
differences in substrate, as site 9R sediments visually consisted of more sand than sites 6 
and 8. Although we had one sample from site 9R, it was at the height of the hypoxic 
conditions at site 6. Site 9R had the highest diversity of functional traits. 
Conclusion 
The Mississippi Bight region of the NGOM experienced severe hypoxic 
conditions during the summer of 2008. Three sites formed a comparative case study of 
macrobenthic communities using macrobenthic process indicators, the U.S. EPA Benthic 
Index, and functional traits of constituent taxa. It was hypothesized that the communities 
at sites 6 and 8 would be degraded from the effects of hypoxia, and that recovery would 
reflect release from hypoxia. Macrobenthic process indicators and functional trait 
composition revealed different types ofresponses; however the U.S. EPA BI did not 
prove to be very useful within the Mississippi Bight region. The BI indicated site 6 to be 
only moderately degraded at best during the severe oxygen deprivation during the 
summer of 2008, whereas it indicated degraded conditions in November 2008 and June 
2009, when the other process indicators showed signs ofrecovery. The U.S. EPA BI may 
not be as applicable in the Mississippi Bight region, as it was derived for use in estuaries. 
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In contrast to the poor performance of the BI, other process indicators were able 
to detect effects of hypoxia for both sites 6 and 8. The functional trait composition mainly 
revealed that site 6 was affected by hypoxia. The use of functional traits added an 
additional informative dimension of assessment. For example, some site events that 
appeared degraded according to process indicators and the BI still possessed diverse 
functional trait compositions. The combined use of functional traits along with process 
indicators would be most useful for assessing the health of the ecosystem. Process 
indicators simply reflect whether the community has been affected by a disturbance, 
whereas the use of functional trait analysis helps distinguish extremely disturbed and 
functionally decimated communities from disturbed but functionally diverse 
communities. This was illustrated by the difference in functional trait composition 
between sites 6 and 8; in that site 8 retained a more functionally diverse community. 
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APPENDIX A 
TAXONOMIC LISTING OF ALL ORGANISMS IDENTIFIED FROM SAMPLES 
AND THEIR FUNCTIONAL TRAIT CATEGORIZATIONS 
TAXON ORGANISMS FUNCTIONAL 
CODE CLASS ORDER FAMILY COLLECTED TRAITS 
UN IDCALA Copepoda Calanoida Unidentified Calanoida unk 
UNIDHARP Copepoda Harpacticoida Unidentified Harpacticoida unk 
AMPEAGAS Malocostraca Amphipoda Ampeliscidae Ampelisca agassi=i FMJ 
AMPEXSPP Malocostraca Amphipoda Ampeliscidae Ampelisca sp. FMJ 
AMPEXSPA Malocostraca Amphipoda Ampeliscidae Ampelisca sp. A FMJ 
APOCLACU Malocostraca Amphipoda Corophiidae Apocorophium lacustre SMJ 
APOCXSPP Malocostraca Amphipoda Corophiidae Apocorophium sp. SMJ 
ERICBRAS Malocostraca Amphipoda Corophiidae Erichtonius brasiliensis SMJ 
PHOTXSPP Malocostraca Amphipoda lsaeidae Photissp. CDJ/HDJ/SDJ 
CERAXSPP Malocostraca Amphipoda Ischyroceridae Cerapussp. unk 
LISTBARN Malocostraca Amphipoda Liljeborgiidae listriella barnardi BMJ 
HARTNYEI Malocostraca Amphipoda Oedicerotidae Hartmanodes nyei unk 
EUDOHOND Malocostraca Amphipoda Platyischnopidae Eudevenopshonduranus unk 
UNIDAPOD Malocostraca Amphipoda Unidentified Amphipoda unk 
CYCLXSPP Malocostraca Cumacea Bodotriidae Cyclaspis sp. SMJ/SDJ 
CYCLVARI Malocostraca Cumacea Bodotriidae Cyclaspis varians SMJ/SDJ 
OXYULECR Malocostraca Cumacea Diastylidae Oxyurostylis lecroyae SMJ/SDJ 
OXYUSMIT Malocostraca Cumacea Diastylidae Oxyurostylis smithi SMJ/SDJ 
OXYUXSPP Malocostraca Cumacea Diastylidae Ox:yurostylis sp. SMJ/SDJ 
LEUCAMER Malocostraca Cumacea Leuconidae leucon americanus SMJ/SDJ 
UNIDCUMA Malocostraca Cumacea Unidentified Cumacean SMJ/SDJ 
ALPHFLOR Malocostraca Decapoda Alpheidae A lpheus jloridanus CMJ 
AUTOEVER Malocostraca Decapoda Alpheidae Automate evermanni CMJ 
UNIDALPH Malocostraca Decapoda Alpheidae Unidentified Alpheidae CMJ 
LUCIFAXO Malocostraca Decapoda Luciferidae Lucifer faxoni unk 
UNIDPAGU Malocostraca Decapoda Paguridae Unidentified Paguridae CMJ/HMJ/SMJ 
PINNXSPP Malocostraca Decapoda Pinnotheridae Pinnixasp. BMJ/SMJ 
PROCHEMP Malocostraca Decapoda Processidae Processa hemphilli unk 
PROCXSPP Malocostraca Decapoda Processidae Processa sp. unk 
SPEOLOBA Malocostraca Decapoda Xanthidae Speocarcinus lobatus CMJ/HMJ/SMJ 
UN JDBRAC Malocostraca Decapoda Unidentified Brachyura CMJ/HMJ/SMJ 
UNIDDECA Malocostraca Decapoda Unidentified Decapoda unk 
UNIDBOPY Malocostraca lsopoda Bopyriidae Bopyrid isopod unk 
EDOTTRIL Malocostraca Isopoda ldoteidae Edotea triloba SMJ 
PROMATLA Malocostraca Mysida Mysidae Promysis atlantica HMJ/SMJ 
APSEXSPA Malocostraca Tanaidacea Apseudidae Apseudes sp. A HMJ/SMJ 
CLYDINAE Ostracoda Mydocopida Cylindroleberidinae Cylindroleberidinae unk 
HARBPAUC Ostracoda Mydocopida Philomedidae Harbansus paucichelatus unk 
PPHLXSPP Ostracoda Mydocopida Philomedidae Pseudophilomedes sp. unk 
UN IDPODO Ostracoda Podocopoda Unidentified Podocopidae unk 
Ostracoda Unidentified Ostracoda unk 
NUCUACUT Bivalvia Nuculoidea Nuculanidae Nuculana acuta SDX 
NUCUCONC Bivalvia Nuculoidea Nuculanidae Nuculana concentrica SDX 
NUCUXSPP Bivalvia Nuculoidea Nuculanidae Nuculana sp. SDX 
LYONFLOR Bivalvia Pholadomyoida Lyonsiidae lyonsiajloridana FDX 
CHIOXSPP Bivalvia Veneroida Yeronidae Chionesp. FDX 
MACOXSPP Bivalvia Veneroida Tellinidae Macomasp. SDX 
MACOTENT Bivalvia Veneroida Tellinidae Macoma tenta SDX 
SEMEPROF Bivalvia Veneroida Semelidae Semele projicua SDX 
SEMEXSPP Bivalvia Veneroida Semelidae Semelesp. SDX 
TELLXSPP Bivalvia Veneroida Tellinidae Tellina sp. BDX/SDX 
UNIDTELL Bivalvia Veneroida Tellinidae Unidenti fied Tell inidae SDX 
UNIDBIVA Bivalvia Unidentified Bivalvia unk 
ACTECANA Gastropoda Cephalaspidea Scaphandridae Acteocina canaliculata CMX 
NATIPUSI Gastropoda Mesogastropoda Naticidae Nalica pus ilia CMX/SMX 
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KURTXSPP Gastropoda Neogastropoda Conidae Kurt=ie/la sp. CMX 
NASSACUT Gastropoda Neogastropoda Nassariidae Nassarius acutus CMX/SMX 
NASSXSPP Gastropoda Neogastropoda Nassariidae Nassarius sp. CMX/SMX 
VNIDTURR Gastropoda Neogastropoda Turridae Unidentified Turridae CMX 
CAECXSPP Gastropoda Neotgenioglossa Caecidae Caecumsp. HOX/SOX 
VN IOGAST Gastropoda Unidentified Gastropoda unk 
MICRATRA Ophiuroidea Ophiurida Amphiuridae Microphiopholis atra CMX/HMX/SMX 
OPHIXSPP Ophiuroidea Ophiurida Amphiuridae Ophiophragmus sp. CMX/HMX/SMX 
HEMIELON Ophiuroidea Ophiurida Ophiuridae Hemipholis elongatus CMX/HMX/SMX 
UNIOOPHR Ophiuroidea Ophiurida Unidentified Ophiuroidae CMX/HMX/SMX 
LINOAMBI Polychaeta Amphinomida Amphinomidae Linopherus ambigua CMX 
UN IDAMPN Polychaeta Amphinomida Amphinomidae Unidentified Amphinomidae CMX 
CAPICAPI Polychaeta Capitellida Capitellidae Capitella capita/a BMX/SMX 
HETEFILI Polychaeta Capitellida Capitellidae Heteromastus filiformis BMX/SMX 
MEDIAMBI Polychaeta Capitellida Capitellidae Mediomastus ambiseta BMX/SMX 
NOTOXSPP Polychaeta Capitell ida Capitellidae Notomastus sp. BMX/SMX 
VNIOCAPI Polychaeta Capitellida Capitellidae Unidentified Capitellidae BMX/SMX 
CLYMTORQ Polychaeta Capitellida Maldanidae Clymene/la torquata BSX 
SABAELON Polychaeta Capitellida Maldanidae Sabaco elongatus BSX 
UNIDMALO Polychaeta Capitellida Maldanidae Unidentified Maldanidae BSX 
SPIOCOST Polychaeta Chaetopterida Chaetopteridae Spiochaetopterus costarum FSP 
APHEXSPP Polychaeta Cirratul ida Cirratulidae Aphelochaete sp. SMT 
UNIDCIRR Polychaeta Cirratulida Cirratulidae Unidentified Cirratul idae SMT 
ARICPHIL Polychaeta Cirratul ida Paraonidae Aricidea philbinae HMX/SMX 
ARICXSPP Polychaeta Cirratul ida Paraonidae Aricidea sp. HMX/SMX 
ARICWASS Polychaeta Cirratulida Paraonidae Aricidea wassi HMX/SMX 
CIRRLYRA Polychaeta Cirratulida Paraonidae Cirrophorus lyra HMX/SMX 
COSSOELT Polychaeta Cossurida Cossuridae Cossura delta BMX 
COSSXSPP Polychaeta Cossurida Cossuridae Cossurasp. BMX 
EUNIXSPP Polychaeta Eunicida Eunicidae Eunice sp. CMJ/HMJ/SMJ 
MARPXSPP Polychaeta Eunicida Eunicidae Marphysa sp. CMJ/HMJ/SMJ 
SCLYXSPA Polychaeta Eunicida Lumbrineridae Scoletoma sp. A CMJ 
SCLTVERR Polychaeta Eunicida Lumbrineridae Scoletoma verri/li CMJ 
OIOPCUPR Polychaeta Eunicida Onuphidae Diopatra cuprea COJ/HOJ/SOJ 
OIOPPAPI Polychaeta Eunicida Onuphidae Diopatra papi/lata COJ/HDJ/SOJ 
DIPLXSPP Polychaeta Flabelligerida Flabelligeridae Dip/ocirrus sp. SMT 
MAGEPETT Polychaeta Magelonida Magelonidae Magelona pettiboneae SOT 
MAGEXSPP Polychaeta Magelonida Magelonidae Magelona sp. SOT 
ARMAMACU Polychaeta Opheliida Opheliidae Armandia maculata BMX 
OPHECYLI Polychaeta Opheliida Opheliidae Ophe/ina cylindricaudata BMX 
LEITXSPP Polychaeta Orbiniida Orbiniidae Leitoscoloplos sp. BMX 
OWENFUSI Polychaeta Oweniida Oweniidae Owenia fusiform is FDT/SOT 
GLYCAMER Polychaeta Phyllodocida Glyceridae G/ycera americana COJ 
GLYCSOLI Polychaeta Phyllodocida Goniadidae Glycinde solitaria CMJ 
POOALEVI Polychaeta Phyllodocida Hesionidae Podarkeopsis levifuscina CMJ 
UN IDHESI Polychaeta Phyllodocida Hesionidae Unidentified Hesionidae BMJ/CMJ/HMJ/SMJ 
AGLAVERR Polychaeta Phyllodocida Nephtyidae Ag/aophamus verri/li CMJ 
NEPHPICT Polychaeta Phyllodocida Nephtyidae Nephtys picta CMJ 
NEPHXSPP Polychaeta Phyllodocida Nephtyidae Nephtyssp. CMJ 
LAEOCULV Polychaeta Phyllodocida Nereididae laeonereis cu/veri SMX 
NEANMICR Polychaeta Phyllodocida Nereididae Neanthes micromma SMJ 
NEANXSPP Polychaeta Phyllodocida Nereididae Neanthes sp. SMJ 
NEANSUCC Polychaeta Phyllodocida Nereididae Neanthes succinea SMJ 
ETEOHETE Polychaeta Phyllodocida Phyllodocidae Eteone heteropoda BMX/CMX 
PHYLAREN Polychaeta Phyllodocida Phyllodocidae Phyllodoce arenae CMX 
ANCIHART Polychaeta Phyllodocida Pilargidae Ancistrosy/lis hartmanae CMJ 
ANCIJONE Polychaeta Phyllodocida Pilargidae Ancistrosyllis jonesi CMJ 
ANCIXSPP Polychaeta Phyllodocida Pilargidae Ancistrosyllis sp. CMJ 
SIGABASS Polychaeta Phyllodocida Pilargidae Sigambra bassi CMJ 
SIGAXSPP Polychaeta Phyllodocida Pilargidae Sigambra sp. CMJ 
S!GATENT Polychaeta Phyllodocida Pilargidae Sigambra tentaculata CMJ 
SIGAWASS Polychaeta Phyllodocida Pi largidae Sigambra wassi CMJ 
LEPIXSPP Polychaeta Phyllodocida Polynoidae lepidasthenia sp. CMJ 
LPEOSUBL Polychaeta Phyllodocida Polynoidae Lepidonotus sublevis CMJ 
MALMMACR Polychaeta Phyllodocida Polynoidae Malmgrenie/la maccraryae CMJ 
MALMXSPP Polychaeta Phyllodocida Polynoidae Malmgrenie/la sp. CMJ 
STHNGRUB Polychaeta Phyllodocida Sigalionidae Sthene/ais grubei CMJ 
STHELIMI Polychaeta Phyllodocida Sigal ionidae Sthene/ais limicola CMJ 
UNIDSIGA Polychaeta Phyllodocida Sigalionidae Unidentified Sigalionidae CMJ 
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BRANWELL Polychaeta Phyllodocida Syllidae Brania welljleetensis CMJ 
UN IDSYLL Polychaeta Phyllodocida Syll idae Unidentified Syllidae CMJ/HMJ 
CARAHOBS Polychaeta Spionida Spionidae Cara==iella hobsonae FDT/SDT 
PARAPTNN Polychaeta Spionida Spionidae Paraprionospio pinna/a FDT/SDT 
POLYXSPP Polychaeta Spionida Spionidae Po/ydora sp. FDT/SDT 
PRJOPERK Polychaeta Spionida Spionidae Prionospio perkinsi FDT/SDT 
SPPHBOMB Polychaeta Spionida Spionidae Spiophanes bombyx FDT/SDT 
SPPHMISS Polychaeta Spionida Spionidae Spiophanes missionensis FDT/SDT 
UN IDSPIO Polychaeta Spionida Spionidae Unidentified Spionidae FDT/SDT 
AMPHGUNN Polychaeta Terebellida Ampharetidae Amphicteis gunneri SST 
MELIMACU Polychaeta Terebellida Ampharetidae Melinna maculata SST 
UN IDAMPH Polychaeta Terebellida Ampharetidae Unidentified Ampharetidae SST 
BHAWHETE Polychaeta Terebellida Chrysopetalidae Bhawania heteroseta CMX 
PECTGOUL Polychaeta Terebellida Pectinariidae Pectinaria gouldii BDX 
EUPOXSPP Polychaeta Terebellida Terebellidae Eupo/ymnia sp. SST 
UNIDTERE Polychaeta Terebell ida Terebellidae Unidentified Terebellidae SST/SDT 
STERSCUT Polychaeta Sternasidae Sternaspis scutata BMX 
UNIDNEME Unidentified Nemertean CMX 
BLNGXSPP Enteropneusta Ptychoreridae Balanoglossus sp. BDX/BSX 
UNIDOLIG Oligochaeta Unidentified Oligochaeta BMX/SMX 
GOLFXSPP Sipunculida Golfingiaformes Golfingiidae Gol.fingia sp. BST/SST 
ASPI ELEG Sipunculida Golfingiaformes Phascolionidae Aspidosiphon cf elegans BST/SST 
ASPIXSPP Sipunculida Golfingiaformes Phascolionidae Aspidosiphon sp. BST/SST 
PHASXSPP Sipunculida Golfingiaformes Phascolionidae Phascolion sp. BDT/SDT 
UN IDSIPU Sipunculida Unidentified Sipunculida BDT/BST/SDT/SST 
BRANFLOR Cephalochordata Amphioxiformes Branchiostomidae Branchiostomafloridae SMP 
GLOTPYRA Inarticulata Lingul ida Lingulidae Glollida pyramidata FST 
PHORXSPP Phoronis sp. FST 
BREGATLA Actinopterygii Gadiformes Bregmacerotidae Bregmaceros atlanticus unk 
MYROPUNC Actinopterygi i Anquilliformes Ophichthidae Myrophis punctatus unk 
UNIDANTH Anthozoa Unidentified Anthozoa unk 
UN IDCERI Anthozoa Ceriantharia Unidentified Cerianthidae unk 
UN IDASCI Ascidiacea Unidentified Ascidiacea unk 
UNIDOSTR Branchiopoda Diplostraca Unidentified Cladocera unk 
UNIDEPHE Insecta Ephemeroptera Unidentified Ephemeroptera unk 
UNIDTURB Turbellaria Unidentified Turbellaria unk 
UNIDHYDO Unidentified Hydrozoa unk 
UNIDBRYO Unidentified B!}'.ozoa unk 
APPENDIXB 
THE FUNCTIONAL TRAIT GROUPS AT SITE 6, 8 AND 9R AND THE 
DESCRIPTIONS 
FUNCTIONAL 
GROUP 
BDT/BST/SDT/SST 
BDT/SDT 
BDX 
BDX/BSX 
BDX/SDX 
BMJ 
BMJ/CMJ/HMJ/SMJ 
BMJ/SMJ 
BMX 
BMX/CMX 
BMX/SMX 
BST/SST 
BSX 
CDJ 
CDJ/HDJ/SDJ 
CMJ 
CMJ/HMJ 
CMJ/HMJ/SMJ 
CMX 
CMX/HMX/SMX 
CMX/SMX 
FDT/SDT 
FDX 
FMJ 
FSP 
FST 
HDX/SDX 
HMJ/SMJ 
HMX/SMX 
SDT 
SDX 
SMJ 
SMJ/SDJ 
SMP 
SMT 
SMX 
SST 
SST/SDT 
FUNCTIONAL GROUP DESCRIPTIONS 
Subsurface and Surface deposit feeder, sessile and discretely motile, tentacles 
Subsurface and Surface deposit feeder , discretely motile, tentacles 
Subsurface deposit feeder, discretely motile, other 
Subsurface deposit feeder, discretely motile and sessile, other 
Subsurface and Surface deposit feeder, discretely motile, other 
Subsurface deposit feeder, motile, jaws 
Subsurface deposit feeder, Carnivore, Herbivore, and Surface deposit feeder, moti le, 
jaws 
Subsurface and Surface deposit feeder, motile, jaws 
Subsurface deposit feeder, motile, other 
Subsurface deposit feeder and Carnivore , motile, other 
Subsurface and Surface deposit feeder, motile, other 
Subsurface and Surface deposit feeder, sessile, tentacles 
Subsurface deposit feeder, sessile, other 
Carnivore, discretely motile, jaws 
Carnivore, Herbivore, and Surface deposit feeder, discretely motile, jaws 
Carnivore, moti le, jaws 
Carnivore and Herbivore, motile, jaws 
Carnivore, herbivore, and Surface deposit feeder, motile, jaws 
Carnivore, motile, other 
Carnivore, Herbivore, and Surface deposit feeder, motile, other 
Carnivore and Surface deposit feeder, motile, other 
Fi lter feeder and Surface deposit feeder, discretely motile, tentacles 
Fi lter feeder, discretely motile, other 
Fi lter feeder, motile, jaws 
Filter feeder, sessile, pumping 
Filter feeder, sessile, tentacles 
Herbivore and Surface deposit feeder, discretely moti le, other 
Herbivore and Surface deposit feeder, motile, jaws 
Herbivore and Surface deposit feeder, motile, other 
Surface deposit feeder, discretely motile, tentacles 
Surface deposit feeder, discretely motile, other 
Surface deposit feeder, moti le, jaws 
Surface deposit feeder, motile and discretely motile, jaws 
Surface deposit feeder, motile, pumping 
Surface deposit feeder, motile, tentacles 
Surface deposit feeder, motile, other 
Surface deposit feeder, sessile, tentacles 
Surface deposit feeder, sessile and discretely motile, tentacles 
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